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FUNDAMENTAL LIMITATIONS ON V/STOL TERMINAL GUIDANCE 
DUE TO AIRCRAFT CHARACTERISTICS 

By Julian Wolkovitch, Charles W. LaMont, and D. William Lochtie 

Mechanics Research, Inc. 

SUMMARY 

For v/STOL aircraft, the possible terminal flight paths and 
the accuracy with which these flight paths can be followed are limited. 

A review is given of the limitations on possible flight paths, and it is 
shown that a principal cause of these limitations is the inability to 
generate sufficient drag at high lift coefficients. The reasons for 
this limitation on drag/lift ratio are explained, and a new method is 
presented for calculating the maximum drag/lift ratio of tilt-wing and 
deflected-slipstream configurations. The method uses momentum theory 
and requires power-off stall characteristics. The predictions of the 
method are shown to be in reasonable agreement with measured steep 
descent buffet boundaries for the XC-142A tilt-wing aircraft. 

Stability derivatives and transfer functions for the CL-84 
tilt-wing aircraft and for the X-22A ..tilt-duct aircraft are presented 
for low-speed level and descending flight. For the tilt-wing aircraft, 
a significant effect of descent angle occurs in the transfer function 
relating flight path angle to thrust. In steep low speed descents, a right 

half-plane zero appears which causes the response to move in the 
wrong direction a few seconds after the input is applied. Optimal 
control theory is used to calculate the minimnm achievable r.m. s. 
deviation from the flight path due to random gusts. It is shown that, 
when the above right-half -plane zero approaches the gust break frequency, 
the accuracy with which the aircraft can follow the desired flight 
path is seriously degraded.. 
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CHAPTER I 


PURPOSE AND SCOPE OF THIS REPORT 
The Purpose of This Report 

v/STOL aircraft must "be able to operate in confined air spaces 
if full advantage is to be taken of their capability for zero or small 
ground roll distance. This implies the capability to descend at steep 
angles and low speeds. It has been found that for almost all v/STOL 
aircraft, severe limitations exist on the steepness of the flight path 
that can be achieved at low speeds. These limitations stem from two 
causes 

(1) inability to generate the steady aerodynamic forces required 
to follow the desired flight path, due to limits. such as 
stall and buffet, and insufficient drag. 

(2) poor accuracy of following the desired flight path, due to 
unsatisfactory response of the aircraft to gusts and to 
command control inputs, inadequate pilot displays, etc. 

The purpose of this report is to investigate the above limitations 
for typical v/STOL aircraft, to indicate their importance, and to describe 
feasible methods of removing or relaxing the limitations. 

The report concentrates on limitations which are "fundamental" 
for a given aircraft. A "fundamental" limitation is defined as one 
that can only be removed by changing the overall vehicle geometric, - 
aerodynamic, or control system characteristics. For example, at typical 
approach speeds, the steepness of the approach of tilt-wing aircraft is 
restricted by inability to generate sufficient steady drag from the wing- 
propeller combination. This is regarded as a "fundamental" limitation of 
this type of aircraft, since it can only be relieved by a major modification 
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such as increased leading edge droop, or a more effective flap system. 
Limitations such as poor pilot vision of his touchdown point in VFR 
flight, inadequate or badly-arranged displays for IFR flight, etc., 
can be relieved without major modifications to the vehicle and are- 
therefore not regarded as "fundamental." 

The scope of this report embraces all types of v/STOL aircraft 
other than helicopters. A study on the characteristics of helicopters 
in steep approaches was performed in parallel with the research reported 
here; the results are presented in Reference 1. In this report the term 
"V/STOL aircraft" specifically excludes helicopters. 

The contents of the report are summarized belowj however, before 
this summary it is necessary to explain some terms used throughout the 
report. These are "nominal flight profile", "nominal flight path" 
and "nonminimum phase system". 

A nominal flight profile is defined here as a time history of a 
combination of vehicle state variables such as airspeed, descent angle, 
normal acceleration, etc., which is feasible in that the required aero- 
dynamic forces can be generated by the aircraft, regarding it as a point 
mass. For example, an approach consisting of a turn, followed by a 
level deceleration transisting to a constant-speed descent would 
constitute a nominal flight profile, provided the aircraft could pull 
the ’ g’s required for the turn, and could produce the drag required for 
deceleration and steady descent without exceeding stall or buffet 
boundaries. A nominal flight path is a nominal flight profile which 
involves no change in airspeed. 

A nonminimum phase system is one having a relevant transfer 
function containing one or more right-half plane zeros. As shown in 
standard references in control theory (e.g., Reference 2), such zeros 
limit the precision with which the desired flight path can be followed, 
in the presence of disturbances such as gusts. 



Contents of the Report 


Chapter II presents a review of the nominal flight profile 
capabilities of current v/STOL aircraft configurations. The equivalence 
of descent capability and deceleration capability is explained. Examples 
of the limits on nominal flight profiles for various types of v/STOL 
aircraft are presented. This chapter contains nothing new, but it 
collects together some hitherto scattered data, and sets the stage for the 
detailed technical analyses that follow, by explaining their relevance 
to practical problems. 

Chapter III presents a new method for calculating descent/ 
deceleration capabilities of tilt-wing and deflected-slipstream con- 
figurations. The method uses momentum theory to predict the power-on 
descent/deceleration boundaries in terms of the power-off stall 
characteristics of the configuration. A worked example is given for the 
XC- 1 42, showing that the method gives fair agreement with experimental data 
for descent angle buffet boundaries. 

Chapter IV discusses the dynamics of representative tilt-wing 
and tilt-duct aircraft in small-perturbations from constant- speed 
approaches. The flight path angles considered cover the range from 
level flight to the steep descent buffet boundary. Stability derivatives 
for the Canadair CL- 84 tilt-wing aircraft were calculated using the 
MOSTA.B modular stability derivative program described in Reference 1. 

The accuracy of the derivatives is verified by using them to calculate 
time histories of the response to pilot control inputs. It is shown 
that these time histories agree closely with time histories obtained 
from flight test data. Chapter TV also presents transfer functions 
for the Bell X-22A tilt-duct aircraft in low-speed level and 
descending flight. These transfer functions were calculated using 
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derivatives supplied by the manufacturer. The significance of the 
above transfer functions in determining limits on the accuracy of 
flight path control is described in Chapter V. 

In Chapter V, optimal control theory is applied to determine the 
minimum achievable r.m.s deviation from a nominal flight path, for 
any given stationary random gust environment. It is shown that, for 
the tilt-wing aircraft considered, significant increase in the minimum 
achievable r.m.s. deviation occurs when the descent angle becomes steep. 
This loss in accuracy of flight path control is shown to be caused by the 
appearance of a right -half -plane zero in the transfer function relating 
flight path angle to collective propeller pitch, (which is the primary 
means of flight path control at low speeds) . Methods of alleviating this 
nonminimum phase effect are discussed. It is shown that the right-half 
plane zero can be removed through feedbacks of pitch attitude and rate 
to the pitch attitude control. In contrast to the tilt-wing configure 
tion, the tilt-duct aircraft is free of critical nonminimum phase 
effects, and is predicted to be capable of following relatively steep 
nominal flight paths with good accuracy. 

Chapter VI states the major conclusions of the report and lists 
some recommendations for further research. 

Appendix A contains tables of derivatives and transfer functions 
for the CL- 84. Appendix B contains derivatives for the X-22A. 
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CHAPTER II 


LIMITS ON NOMINAL FLIGHT PROFILES .FOR V/STOL AIRCRAFT AT LOW SPEEDS 

The Requirement for High 
Drag/Lift Ratio 


Initially, consider straight-line flight in calm air. This 
represents the simplest case for analysis. The combinations of airspeed, 
descent angle, and deceleration which are feasible for a given aircraft 
configuration are determined by the balance of aerodynamic, inertial and 
gravitational forces as shown in Figure 1 . The key aerodynamic parameter 
is the drag/lift ratio, which from Figure 1 is related to flight path angle 
and deceleration by 


^ = tan (-7) 


dV 

dt 

g cos (-7) 


0 ) 


In most instances (d/l) max is limited, for reasons discussed 
below, and the steepest descent angle is given by 


(-7.) = tan” 1 (d/l) 

' 'max ' 'max 


( 2 ) 


At this descent angle the deceleration capability is zero. 


It is advantageous to have a high (d/l) for the following 

nicUv 

reasons 

(1) to permit approaches to confined areas, e.g., in city- 
centers , 

(2) to facilitate downwind approaches and to cope with wind 
shears 

(3) to minimize the time required to decelerate from cruise 
to touchdown 
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A brief explanation of items (2) and (3) is given below. 

✓ 

Consider an airplane descending at an angle -7^ and speed 

relative to the wind, which is blowing with horizontal velocity V w , 
positive for headwind. Assuming steady conditions, the descent angle 
relative to inertial space is -7^. where 



For v/STOL aircraft — — is much larger than for conventional 

V A 

aircraft, and 7 is also increased in most cases. Both these factors 
combine to increase the difference between 7_ and 7. ( = (D/L) ). 

This is beneficial for headwinds but correspondingly adverse for tail- 
winds , as shown in Figure 2 which graphs Eq.. 3 . The implications for 
wind-shears are obvious, from Figure 2. 

The time occupied in decelerating and descending from cruise 
speed and altitude to touchdown is less productive than the time 
spent in cruise, because of the lower average speed. For efficient 
operation this unproductive time should be minimized. Considering 
the contribution of the approach to this unproductive time leads to 
the conclusion that the highest possible value of (d/l) should be 

used to minimize the time spent on the approach. However, it is not 
readily apparent how this (d/l) should be applied, i.e., whether it 
should be used for increasing deceleration or to increase descent 
angle. The problem is illustrated by the following simple example, 
taken from Reference 3 « 

Figure 3 compares two alternative approach profiles. One is a 
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DESCENT ANGLE y , deg 


DESCENT 

APPROACH TAN 7 A+ 

— .176 .088 91 

- .264 0 30 


LEVEL FLIGHT TOTAL 

TAN 7, At TIME 

— — — 91 sec 

0 .264 31 61 sec 



Figure 3, - Alternative Approach Flight Profiles 



LIFT COEFFICIENT, C L 

Figure 4(a) - Approach Characteristics of a Passive-Lift ST 0L 
Transport as a Function of Lift Coefficient 
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straight-line 10 degree descent with a constant deceleration of 

0.088 g's. The other approach consists of two straight-line segments, 

the first at 14.8 degrees with no deceleration and the second at 0 

degrees with 0.264 g's deceleration. Both approaches require the 

aircraft to fly at (d/l) = 0.264 continuously. The two- segment 

max 

approach requires only 6l seconds, compared to 91 seconds for the 

"straight-in" approach. Undoubtedly, further savings can be achieved 

through more complicated approach profiles. Several references have 

studied the optimization of approach flight paths within given 

constraints as (d/l) . It is certainly interesting to determine 

max 

the optimum approach profile for a given (d/l) : however, the time 

max ^ 

required for such an approach can always be reduced by increasing 

(d/l) . Thus, in studying fundamental limitations on v/STOL 

max 

terminal guidance, it is more relevant to consider the aerodynamic 

factors limiting (d/l) for various configurations. Only when these 

max 

have been satisfactorily determined is it worthwhile to perform 
optimization calculations of the type described above. 

The above discussions explain the emphasis of this report on 

(d/l) as a fundamental limiting parameter- for v/STOL approaches, 
max 

Later sections of this report discuss the factors limiting (D/L) max 
and indicate how the limits may be alleviated. 

Drag/Lift Ratio of 
"Passive-Lift" Configurations 

Most STOL aircraft in current commercial. service are of the 
category which we shall call "passive-lift" in which the powerplant 
makes no substantial contribution to the lift. The DeHavilland Twin- 
Otter is a well-known example of this type. 

The drag/lift characteristics of a passive-lift aircraft can be 
expressed in coefficient form as 



C D =G 


D 


!f£ 

TlA e 


w 


where Cp is the coefficient of parasite drag (i.e., drag not induced 
by lift)? 

For a typical passive- lift configuration of the Twin-Otter 

category CL. = 0.045, e = 0.7&, A = 10, giving CL = 0.045 + 0.041 

, . 2 o v 

{C T ) . The resulting descent angle and airspeed are graphed on 

Jj 

Figure 4(a)- The airspeed was calculated from the standard formula: 



cos 2 

c L 

■^max 



(5) 


As Figure 4(a) demonstrates, a substantially slower and steeper 

descent results from increasing CL . The possibilities for 

-‘-‘max 

accomplishing this will now be discussed. 

Passive- lift aircraft using leading edge slots and double- 

slotted flaps are usually limited to lift coefficients of 2.8 to 2.9. 

In part this is due to the necessity to maintain adequate margin of 

thrust over drag to permit go-around following a balked landing (see 

Reference 4) . However, an additional factor is the mechanical 

complexity involved in constructing a flap system that will permit 

C L >5.0 when extended without excessive cruise drag in the 
max 

retracted position. This can be appreciated by considering Figure 
4(b) which shows two-dimensional test data taken from Reference 5. 

Note that much of the advantage of slots and flaps stems from 
the increased wing area they provide through increasing the projected 
chord, c , (a sliding doubled- slotted flap + slat can extend c by 
40 percent) . Again mechanical complexity limits the percentage 
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extension of c that is possible, but recent tests (Reference 6 ) of 
1 ? 

s panwise extension of the wing tips indicate that this may be a 
practical alternative to .the customary chordwise extension. The increase 
in wing area obtained by tip extension can reduce the approach speed, but 
does not necessarily yield a steeper approach, since the increase in 
aspect ratio tends to reduce the induced drag. 

It is by no means certain that the ultimate lift capabilities 

of passive-lift configurations have been approached. The maximum lift 

coefficient of wings of moderate aspect ratio is substantially less than 

that the maximum two-dimensional section lift coefficient. This is made 

clear in Reference 7, which summarizes the existing theories for predicting 

C T for general wings, specified only by their. planform. All the theories 
max 

predict 

C L = kA ( 6 ) 

max 

where k varies from 0.85 to 1.9 according to the particular theory. None 

of the theories predicts the leveling-off of that actually occurs 

max 

due to wing- stalling for A greater than about 7, as two-dimensional 
conditions are approached.* 

Hancock (Reference 8 ) concludes that k in Ecu 6 should be 0 . 85 , 
but admits that his theory does not agree with experimental data, 
which indicate a value of k of about 1.9. Hancock shows that the 
published theories which give k = 1 .9 are based on unsound arguments, 

f # 1 

and that any agreement between these theories and experiment is 
fortuitous . : 


*Note that this discussion does not include STOL aircraft with 
active boundary layer control (B.L.C.) using blowing and/or sucking to 
delay stall. Such aircraft are discussed later in this chapter. 



This gap between theory and experiment is disturbing. Until 

it is resolved, it is prudent to use experimental data on specific 

configurations to predict of passive- lift-aircraft. From 

max 

Figure 4(a), it is apparent that the attainment of high-lift coefficients 
does not produce sufficient induced drag to achieve a very steep 
flight path. 

Returning to Eq. 4, we see that an alternative method of 

increasing -7 is to increase the parasite drag coefficient C D or 

, 0 

decrease the induced drag factor e. It is difficult to change the 
latter while still retaining high C T , so the most practical 

' j_i nicLX 

alternative is to increase . There are several ways in which 
this can be accomplished. ° 

(1) .direct increase of parasite drag through spoilers or 
dive-brakes 

(2) reverse-thrusting propellers (sometimes called "Beta" 
control) 

(3) reverse thrusting jet engines 

Each of these alternatives will now be discussed. 

Direct increase of parasite drag. - Parasite drag devices such 
as spoilers and dive-brakes are not well suited to low-speed conditions 
because their drag varies as (l/2)pV^ Thus for the' example aircraft 
of Figure 3> from Eq. (4) at C L = 3*0 

C D = 0.045 + 0.37 = 0.415 (7) 

parasite induced . total 

To double the descent angle by increasing parasite drag would demand 
raising the parasite drag coefficient to 0.46. 

C D = 0.83 - 0.37 = 0.46 (8) 

o 
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The ratio of the area of the required dive-brake to the wing area, is 
given by 

A Cjj = 0.U6 - 0.045 = 0.415 = (S aive . br<flte /S) % aive . brake /o.o4 5 ) 
o 

(9) 

Taking C D dive-brake as 0.90, this gives the ratio of dive-brake araa 
to wing area as 

S sp oiler /S " °- 4l 5 X (-^W 2 -) - ®- 3< (10) 

It is difficult to find a location for dive-brakes of such a 
size where they will neither cause an appreciable loss of lift nor 
interfere with controllability by causing buffeting at the tail. For 
higher lift coefficients (i.e., "active" lift configurations) the 
required dive-brake area increases, and these disadvantages become 
even more severe. The net conclusion follows that dive-brakes offer 
only small benefits for STOL aircraft. 

Reverse- thrust propellers. - To appreciate the problems and 
potential advantages of reverse thrust propellers (sometimes called 
"Beta- control" ) it is necessary to understand that a propeller 
thrusting in the opposite direction to which it is moving may have 
several states of operation, some steady, others very unsteady. These 
states are defined by reference to a quantity v^, defined in terms of 
propeller radius, R, and air density, p, as: 



The parameter has the dimensions of velocity and is known as the 
"thrust velocity" or the "hover induced velocity at the propeller 
disc". The behavior of any reverse -thrust propeller is determined 
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"by the ratio V /v^ as shown in Table 1 . 

TABLE 1. 

OPERATING STATES OF REVERSE- THRUST PROPELLERS 



Operating State 

Characteristics 

0 to =0.7 

’’Powered Descent" 

Thrust fairly steady, 
propeller takes power 
from engine. 

= 0.7 to = 1.5. 

"Vortex-Ring" 

Thrust fluctuations 
occur, (as high as 
+ 50 percent of mean 
thrust) . Takes power 
from engine. 

= 1.5 to = 1.8 

" Autorotative " 

Thrust steady, propeller 
windmills with no power 
required from, engine. 

> = 1.8 

"Windmill-Brake " 

Thrust steady, propeller 
requires braking action 
from engine to maintain 
! a given thrust. 


The vortex-ring state is analyzed in Reference 1, where it is shown 
that the unsteady condition is caused by a breakdown in the protective 
sheath of vorticity which surrounds the slipstream. This vorticity 
takes up the shear velocity differential between the flow inside the 
slipstream and the free-stream flow. In the region 0.7 < V/u^ < 1.5 
a steady sheath of vorticity cannot be produced, and the slipstream 
forms, collapses, and reforms in a cyclic manner. These characteristics 
are only slightly dependent on the geometry of the particular propeller 
employed. 
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To see how this affects descent angle at a given speed, consider 

the example aircraft of Figure 4(a) at C = 3? V = 70 fps. A propeller 

L 

diameter is 0.17 of the span is assumed. The power-off drag/lift 
ratio: is 0.138, giving 7 = -tan (d/l)=- 7*9 degrees. The required 

drag increment to attain a steeper 7 is AD/L = -tan 7 - 0; 138 where 
AD is to he supplied by the reverse thrust of two propellers. 


Manipulating Eq. 11 yields 


V, 


h 


V 


(AD/l) ( 1/2) pV d S Cj 

2(2 P TTR 2 ) 


which simplifies to 


V 


{ 


v AD/L) b C T 


8 TT AR 


( 12 ) 


(13) 


Combining Eq. (13) with the data of Reference 1, summarized 
in Table 1 , yields a method for assessing the feasibility of obtaining 
steep nominal flight paths through the use of reverse- thrust propellers. 
This is illustrated in Figure 5 for the example airplane. The descent 
angle can be increased from 7*9 degrees to 22 degrees without bringing 
the propeller into the vortex-ring state. This is a worthwhile improve- 
ment, especially considering the relatively minor airframe modifications 
required and the negligble weight penalty. 

Little has been reported in the literature on this form of flight 
path control and it appears worthy of further investigation. This 
should include theoretical and wind-tunnel studies of the effects of 
the reversed propellers on buffet and tail effectiveness. 



Example Aircraft has 

C D = 0.04-5, A = 10.0 

o p 

e = 0.78, W/S = 22.8 lb/ft, 
C = 3.0, 2 Propellers, Each 
of Diameter 
= 0.17 x Wing Span 
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Figure 5* - Effect of Reverse- Thrust Propellers on Descent Angle of a 

Passive- Li ft STGL Aircraft 




Reverse thrust jet engines. - References 4 and 9 describe a 
method of drag augmentation in which a passive-lift STOL aircraft 
is fitted with two small jet engines located at the sides of the 
fuselage near the tail. These engines face "backwards" and provide 
thrust in the decelerating sense. The engines must be positioned 
carefully to avoid impingement of the jets on the wing with consequent 
loss of lift. However with proper engine location the wing lift 
actually increases, and the system was liked by pilots in simulator 
tests. 

The weight penalty is about 1 lb per 8 lbs of thrust. Thus, 
for the example airplane of Figure 9 the descent could be steepened 
from 7.9. to 16 degrees at a cost of 1.8 percent of the gross weight. 
Typically this implies reducing the payload by about 8 percent. 

Reference 4 states that the system was not incorporated in a 
production aircraft because of natural customer resistance to "mixed" 
powerplants. Weight and noise may also be objectionable. These 
factors appear to be the major disadvantages of this concept. There 
is no "v^/v" limitation corresponding to the vortex-ring region for 
the reverse- thrust .propeller because the jet engines need never be 
idled since the net thrust balance can be adjusted using both the 
jets and the propellers. Further, the system is applicable to 
" active- lift " types which depend on propeller slipstream for lift or 
control. 

Apart from the short description in Reference 4 and 9 little 
has been published on this concept. It appears to merit further 
investigation. A systematic series of wind-tunnel tests should be 
performed to explore the effects of jet engine location. These tests 
should include flow vizualization to aid the optimum location of the 
reverse- thrust engines. 



Tilt-rotor configurations. - The descent/deceleration limita- 
tions for tilt-rotor aircraft and "free-floating tilt-wing" configura- 
tions (as described in Reference 10) are similar to those for helicopters 
when expressed in terms of This parameter increases because of 

the higher disc-loading of these types, ranging from 5 lbs/ft 2 for the 
XV-3 to 25 lbs/ft for the X-19A. Thus, in general, the boundaries on 
descent rate will be less stringent than for competitive helicopters. 

The boundaries are set by the vortex-ring state and by autorotation. 
Reference 1 presents a discussion of these boundaries for helicopters, 
which is also applicable to tilt-rotor aircraft. Hence only one 
typical result will be shown here. 


• Figure 6 shows boundaries for helicopter or tilt-rotor 

2 

aircraft with a disc- loading of 6.2 lb/ft . The outer boundary of the 
vortex-ring state corresponds to r.m.s. mean-to-peak thrust fluctuations 
of 15 percent of the gross weight. The inner boundary corresponds to 
fluctuations of approximately double this intensity. To extend Figure 6 
to other aircraft, the vortex-ring boundary may be scaled 
proportionately to the square root of disc loading. The autorotation 
boundary depends more critically upon the parasite drag and rotor 
profile drag, and should be calculated for each configuration. 


" Autorotation is commonly used in military operations and as a 
civil emergency procedure. The objections to autorotation as a standard 
procedure for routine I.L.S. approaches are as follows. 

(1) To steepen the nominal flight path beyond the autorotation 
boundary (e.g., to cope with wind-shears) would require 
a braking action to be applied to the rotor. Such braking 
could, in principle, be provided by variable turbine inlet 
stators as used in same industrial gas turbines. However 
current FAA helicopter regulations preclude engine braking, 
as they require an override or free-wheel device to prevent 
stoppage of the rotor following engine failure. 
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(2) The rate of descent in autorotation may he too high to 
permit descent to he arrested following breakout from 
low cloud. 

(3) At low speeds, recovery from autorotation to level flight 
may cause the aircraft to enter the vortex-ring state. 

Slipstreamed-Wing Configurations 

The term "slipstreamed-wing" is used to denote tilt-wing and 
deflected slipstream configurations. 

Deflected slipstream and tilt-wing types both suffer severe 
limitations on their descent/deceleration capability. A simplified 
explanation of the cause of these limitations is given in Reference 11. 
This explanation is illustrated in Figure 7* By adding the free- 
stream and slipstream velocities vectorially the velocity vector at 
the wing can be deduced. If the inclination of this vector to the 
wing is too large the wing stalls, the onset of stall being marked 
by considerable buffeting. This stalled condition occurs when 
attempting steep descents. 

Figure 7 suggests the possibility of predicting the max d/l 

of slipstreamed-wing aircraft from a knowledge of its power-off stall 

characteristics. This possibility is explored in Chapter III, where 

a theory is developed for calculating (d/l) of slipstreamed-wing 

max 

configurations. 

Flight test results indicate that, although the condition for 
determines the maximum descent angle attainable at a given 
airspeed, this limit may not in fact be practical, because of require- 
ments for maneuvering, go-around, control effectiveness, and control 
following engine failure. These considerations may dictate that descents 
shall be limited to angles less than those achievable from (d/l) 


(“AW 
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V A AIRPLANE VELOCITY 
V g SLIPSTREAM VELOCITY 
V„ RESULTANT VELOCITY OVER WING 

n 

a EFFECTIVE WING ANGLE OF ATTACK 
W 




LEVEL FLIGHT-HIGH POWER 
HIGH SLIPSTREAM VELOCITY 
MODERATE WING ANGLE OF ATTACK 
WING UNSTALLED 



STEEP DESCENT -LOW POWER 
LOW SLIPSTREAM VELOCITY 

HIGH WING ANGLE OF ATTACK 
WING STALLED 


THE PROPELLER SLIPSTREAM CAN KEEP A PROPERLY DESIGNED WING FROM 
STALLING IN LEVEL TRANSITION FLIGHT, BUT THE STALLING PROBLEM 
BECOMES MORE SEVERE IN STEEP DESCENTS WITH LOW POWER. 


Figure 7. - Explanation of Descent Boundaries for Tilt-Wing and 
Deflected Slipstream Configurations (from Ref. 11) 



considerations alone. In the following section, descent characteristics 
of some typical s Upstreamed- wing configurations are reviewed, and the 
relationships between boundaries based on (d/l) and practical 

nicLX 

operational boundaries are indicated. 

References 12 and 13 describe flight tests on the Breguet 9^1 
deflected slipstream aircraft (also known as the McDonnell-Douglas 
188) , and Reference l4 presents similar data on the XC-1^-2 tilt-wing 
aircraft. The measured descent boundaries for the Breguet 9bl 
are shown in Figures 8 and 3, and for the XC-142A. tilt-wing aircraft 
in Figure 10. Both these aircraft are highly developed "second- 
generation" representatives of their classes and considerable efforts 
have been made to give these aircraft good descent capabilities. Thus 
Figures 8, 9> and 10 illustrate the present state-of-the art in this 
area. A detailed discussion of the boundaries for each type now 
follows . 

The following observations on Figures 8 and 9 apply to any 
deflected slipstream aircraft: 

1 . It is not possible to reduce thrust to zero at the lower 
velocities because slipstream is required to provide 
sufficient flow over control surfaces to maintain effective 
control. 

2. The stall boundary is optimistic for two reasons: (l) some 
An^ must remain for maneuvering, and (2) minimum control 
effectiveness considerations may dictate higher speeds 
than stall speed. 

3. From considerations of the altitude loss during the process 
of arresting a descent rate following "breakout" at 200 ft. 
ceilings, a maximum descent rate of 1000 f.p.m. is recommended 
in Reference 13 durine the latter portions of the descent. 



+ 4 deg 



HORZONTAL SPEED V x , knots 

Figure 8. - Breguet 9^1 /McDonnell Douglas 188 Flight Envelopes 
for Preapproach and Wave-Off Configuration 





CONTINUOUS THRUST 
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Figure 9 * *•' Breguet 9^-1 /McDonnell Douglas 1 88 Flight Envelope 
for Approach and Landing Configuration 




As can "be seen from Figure 8, this limits the maximum 
descent angle to less than 12 degrees at minimum speed, 
and to less than 8 degrees at the flap limit speed of 75 
knots . 

4 . It is important to note that in the approach and landing 
configuration (98 degree flap) there is no wave-off 
capability (positive 7) should a single engine failure 
occur. This is not a desirable situation for commercial 
operation, nor is it permitted by FAA regulations. There- 
fore, it is necessary to use a "less draggy" configuration 
during approach or demonstrate that conversion to this 
state, following single engine failure, can be made 
sufficiently quickly that positive climb angles can be 
attained before the aircraft strikes the ground. The 
"pre- approach and wave-off" configuration of the Breguet 941 
is shown in Figure 8 and corresponds to a reference flap 
setting of 72 degrees. This configuration permits single- 
engine climbs up to + 8 degrees. Thus, the wave-off require- 
ment may dictate flap configurations which limit the descent 
angle to values considerably below the maximum capability 
of the vehicle. 

Because of the considerable effort that has already been devoted 
to the "double- slotted flap and slat" wing system of the Breguet 9 * 4-1 and 
similar aircraft it is hard to discern any opportunity for significant 
increases in descent angle capability. However, fitting high power 
engines would improve the "wave-off" capability, thus permitting full 
benefit to be derived from the existing flap system. 



The Breguet has a capability called "transparency" whereby 

the inboard and outboard propeller blade angles can be varied 

independently, resulting in a warped lift distribution along the wing. 

This lift distribution is accompanied by higher induced drags. Thus, 

at a given airspeed, steeper descent angles are possible if transparency 

is used, as indicated by Figure 9 « The limits of this technique are 

not presently known. However it might be possible to predict the effect 

of transparency on (d/l)_ 0 „ using the theory presented in Chapter III. 

max 

Tilt-wing descent boundaries. - For tilt-wing aircraft there 
exist two boundaries, as shown on Figure 10, corresponding to different 
types of buffet. High frequency, small amplitude, buffet occurs at 
the upper boundary. This is believed to be due to stalling of the 
tilted center- section of the wing which cannot be immersed in the 
slipstream of the four propellers. The buffet becomes more pronounced 
and of lower frequency as the lower boundary is approached. Military 
pilots state that the lower boundary is the practical limit to human 
tolerance for prolonged periods (Reference 1^). For commercial 
passenger operation it is sensible to assume a more restrictive 
boundary. Note that despite a complete hover capability, and control 
of thrust vector rotation through 90 degree, descents along a 12 
degree glide path at 50 knots are still impractical. 

The theory of Chapter III relates the low frequency buffet 
boundary to the power-off stall characteristics of the wing, modified 
by the induced flow effects of the propellers. However these induced 
effects do not influence the portions of the wing not immersed in the 
slipstream. For example, Figure 10 shows that for the XC-1^2A at 
50 knots, an 11 degree glide slope is attainable with 35 degrees of 
wing tilt. For a level fuselage condition, this means that the 
portions of the wing not immersed in the slipstream are experiencing 
local angles of attack. of 11 + 35 = 46 degrees, well above the stall, 
with accompanying buffet. 




HORIZONTAL SPEED V , knots 





Some of the methods of obtaining steep descent for passive- lift 
aircraft are also applicable to tilt-wing and deflected slipstream 
aircraft. Again, dive-brakes are ineffective due to the low airspeed, 
and reverse- thrusting propellers do not appear to be compatible with 
the s Upstreamed- wing concept. However, reverse jet engines may provide 
a feasible method of increasing descent capabilities, at the cost of a 
loss in payload to make up for the added engine weight. 

Jet Lift and Ducted Fan v/STOL Aircraft 

Ducted fan v/STOL aircraft such as the Bell X-22 and Doak VZ-4- 
experience limits on descent/deceleration capability due to flow 
separation around the lip of the duct. For the X-22 the phenomenon 
was noted (Reference 15) as the cause of "duct buzz", an unpleasant 
high-frequency vibration which permeated the entire aircraft. Little 
information is available on steep descent flight tests of the X-22 but 
from References 15 and l6 it appears that the descent angle may be 
limited to about 10 degrees at low speeds. More complete data is 
available on the Doak VZ-4 and Figure 11 (from Reference 17) shows the 
descent limits recorded in flight. Note that at 60 knots, the limiting 
angle of descent is only 6 degrees, beyond which severe buffet occurs. 

Part of the buffet problem with the VZ-4 stems from its large 
wing which operates at an angle of attack, a, equal to the descent 
angle, -7, when the fuselage altitude is level. Thus a moderate 7 
suffices to stall the wing, if the fuselage is kept approximately 
horizontal during descent. 

Similar stall limitations to those discussed above apply to 
any vehicle in the portion of its flight regime where partially wing- 
supported flight is desired. For example, Reference 1 8 notes that 
XV- 4 b Hummingbird (a dual propulsion pure jet VTOL research aircraft) 
had many combinations of speed and descent angle which were unattainable 
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Figure 11* — Descent Boundaries for a Tilt— Duct Aircraft (DOAK VZ-4) 





due to wing stall and/or buffet effects associated with flow 
separation over the wing at high angles of attack. Thus, despite 
the Hummingbird' s hovering and high speed flight capabilities, it 
could not descend in equilibrium flight at 50 knots along a 12-degree 
glide slope. 

Fan- in-wing aircraft such as the Ryan XV- 5A also suffer from 
wing-stall limitations (Reference 19) and. lip stall may also be severe 
because of the small duct lip radius imposed by the geometric constraints 
of the wing. 

The prospects for improving descent boundaries for jet lift and 
ducted fan aircraft appear fairly good although they have yet to be 
demonstrated. Where wing stall is the culprit some increase of descent 
angle (assuming a level fuselage attitude) can be obtained by stall 
delaying devices such as slats and flaps. For some ducted fan 
configurations it may be possible to increase the duct inlet radius 
("bell-mouth" effect) to delay lip separation. However, the phenomenon 
of flow separation for ducted fans is not well understood, and analytic 
prediction of descent capabilities appears to be beyond the current 
state-of-the-art. 


Jet Flap and "Blown Flap" Aircraft 

Under this heading we discuss descent limitations of two classes 
of STOL aircraft, both of which derive some of their lift through down- 
ward-directed jet sheets emanating near the wing trailing edge. The 
distinction between blown- flap and jet- flap types is one of degree. In 
the former, the jet extends over only a small fraction (e.g., l/3) of 
the wing span, whereas the true jet-flap aircraft uses a full- span jet 
sheet , with approximately constant momentum per unit span. 

Operationally, the blown flap is suited for "moderate STOL" 

where the requirements are easily achieved by a part-span jet 

max 



sheet with thrust/weight ratios about 0.3. The benefits of the 
increased C T on descent angle are similar to the "passive- lift" 

±j 

example of Figure 4(a) with the added bonus that the non-uniform spanwise 
lift distribution decreases the induced drag efficiency factor e. For 
small thr us t /we i ght ratios, the practical limits on descent capability 
may be set by wave-off requirements as discussed for the Breguet 9^1 . 

The jet flap is suited for "extreme £>T0L" where the maximum 
possible lift coefficient of the wing must be realized, and higher 
thrust/weight ratios can be afforded (e.g., T/W of about 0.6). 
Unfortunately, the jet flap suffers from a serious disadvantage as 
regards induced drag. Firstly, the uniform span-loading gives a 
high induced drag efficiency factor e, thus reducing Cp^. More 
important, the thin jet sheet tends to bend backwards parallel to the 
flight path considerably reducing the drag. This "thrust recovery" 
phenomenon (Reference 20 ) substantially reduces descent angle capability. 

In summary, part-span blowing is a good way of extending the 
low speed capability of CTOL aircraft to yield "moderate" STOL perfor- 
mance. Full span blowing, as in the jet flap, gives lower air speed, 
but suffers from fundamental limits on descent capability. Probably 
the simplest way of overcoming these is through the use of reverse-jet 
engines as discussed previously. 

Limitations on Climb-out Performance 

The limitations on descent/deceleration capability discussed in 
the preceding sections are "fundamental" in that they cannot be 
alleviated merely by adding power. For example, adding power does 
nothing to improve the descent capabilities of a tilt-wing configuration, 
which are intrinsically limited by the stalling characteristics of the 
wing and the propeller diameter and location. By contrast, climb-out 
capability can always be improved by the addition of power. Climb 



restrictions are thus of less importance to the present study and 
hence only a brief discussion is given below. 

A steep climb angle at low air speeds is essential to v/STOL 
operation in urban environments. Helicopters, and other VTOL aircraft 
with thrust- to- weight ratios greater than unity plus the capability of 
vectoring that thrust vertically while maintaining a level fuselage, 
clearly have the greatest versatility in this respect. STOL aircraft 
on the other hand, especially passive- lift configurations, experience 
definite limits in maximum achievable angle of climb. For steady 
climbing flight; 


sin 7 = T/W - D/W ( 1 4) 

where it is assumed that the thrust vector is essentially aligned with 
the flight path. For small 7 , this expression differs from the 
expression for the glide descent angle (Eq. 1), by the positive term 
t/w. Thus, using the Twin-Otter example illustrated in Figure 5 , we 
can easily construct a similar maximum climb angle chart by simply 
adding the t/w increment. For example, for T/w =0.5, we have: 

sin 7 = 0 . 5-7 descent ( 15 ) 

Using Figure 5, for V = 100 fps, C L = 2 and 7 descent = -6 degrees 
(- 0 . 1 05 radians ) 

7 climb = sin " 1 ( 0.5 - 0 . 105 ) = 22.7 degrees (l 6 ) 

Reference 4, in reviewing the state-of-the-art for large passive 
lift STOL's, suggests that climb angles in the order of 6 to 12 degrees 
are readily attained, while Reference 13 indicates that the Breguet 9^1 
achieves 14 degrees in the take-off configuration. The certification 



requirement for positive climb angles with one engine inoperative 
places severe demands on twin engine STOL aircraft. For the reasons 
explained above, this aspect of STOL nominal flight path capability- 
falls beyond the scope of this report. However, it is important as a 
practical operational consideration. 

Limitations on Constant-Acceleration Flight 
Paths in the Vertical Plane 

Considering flight in the vertical plane, it can be shown that 
the rate of change of the flight path angle is given by 

ft = (n z " COS 7) ^ (17) 

where n is the normal acceleration capability (load factor) of the 
z 

aircraft, (n = L/w), and V T is the inertial speed. The geometry of 
z x 

landing and take-off flare maneuvers is determined by -r 1 — , where x 
is the horizontal coordinate. Substituting dx/dt = cos y in Eq.. 
(IT), gives: 
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The 1 /v T factor in Eq.. (l8) indicates that, for a given n , a STOL 

aircraft can obtain much more curvature of the flight path than its 

CTOL counterpart. For a given V^, the maximum curvature of the flight 

path is determined by n , which in turn is limited by one or more 

z m&x 

of the following considerations. 

( 1 ) stalling of lifting surfaces 

(2) structural load limits 



(3 ) limited normal force generation capability due to factors 
other than stall 

(4) passenger comfort 

Each of these factors will now be discussed. 

Stalling of Lifting Surfaces: For passive- lift aircraft a 

typical approach speed is 1 .3 V , giving n =1.69. Thus, from 

Eq. (l8), at an approach speed of 8o knots the flare curvature is 
restricted to 7 degrees per 100 feet. This is quite a mild restriction. 
It implies that a flare from a 15 degree approach would require 1 .69 g's 
to be held at 200 feet from the touchdown point, at a height of 
approximately 25 feet. 

Structural Load Limits: These are typically + 3g> and -1g for 

large commercial aircraft, and are less restrictive than the other 
considerations discussed here for determining nominal flight paths. 

Normal Force Generation Capability: For VTOL aircraft in very 

low speed flight at maximum design gross weight* the n is typically 

z 

l im ited to 1 . 2 g, due to installed power limitations. This does not 
greatly restrict the curvature of the nominal flight path (determined 
fran Eq. 18) because very low values of can be obtained. 

Passenger Comfort: There is a dearth of reliable data on the 

'g' tolerance of the average fare-paying passenger. For some passengers 
the threshold of discomfort is approached during the landing roll of 
a large commercial jet. This involves deceleration from 110 knots to 
4o knots in approximately 3000 feet, corresponding to a mean decelera- 
tion of 0.l6 ' g’ over a period of 22 seconds. It is probable that a 
similar deceleration occuring in flight would be objectionable, due to 
the added effects of buffeting and gusts. In addition, psychological 
factors associated with fear of flying and loss of visual reference 
to the ground may further reduce passenger ' g' tolerance. Tentatively, 



"based on the author's experience, we suggest that maneuvers should be 
such that the acceleration experienced by any passenger are less than 
1.0 incremental * g * in the "eyeballs down" sense, and 0.5 ' g ’ in all 
other directions. 

Limitations on Lateral Curvature of the blight Path 

A given load factor capability, n , can be used to produce 

z 

curvature of the flight path in the horizontal plane by banking the 
aircraft. For a given n^, with 7 small, so that cos 7=1, the hori- 
zontal and vertical accelerations can be traded according to the 
following equation. 

g n z = [( Vx ) 2 + (§ + V 7 ) 2 J 1//2 (19) 

The required bank angle is given by 

cot 0 = - o~ V ^ ' (20) 

Vx 

These relationships are graphed on Figure 12, which demonstrates 
that the extra n^ required to maneuver laterally is quite small. Thus 
v/STOL aircraft can maneuver laterally without sacrificing much 7 
capability. This facilitates sidestep maneuvers required to align the 
aircraft with the runway following breakout from cloud. For a given 
sidestep flight path, the excess 'g' required is generally small for 
v/STOL aircraft because of the lower speed. 
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CHAPTER III 


ANALYTIC PREDICTION OF DESCENT BOUNDARIES FOR 
TILT-WING AND DEFLECTED SLIPSTREAM AIRCRAFT 

Introduction 

Considerable experimental evidence exists to show that the 
descent boundary of tilt-wing and deflected slipstream aircraft is 
associated with wing stalling. The mechanism whereby stalling sets a 
limit on (D/L)niax is indicated in Figure 7 , and there have been 
numerous qualitative descriptions of this phenomenon. It therefore 
seems plausible that the (D/L)max boundary of a general slipstreamed- 
wing configuration could be calculated from a knowledge of the power- 
off stall characteristics of the wing. This chapter describes a new 
method for calculating the lift and drag of a general wing -propeller 
combination. It is shown that the observed descent boundaries can be 
predicted with fair accuracy. The method requires data on the power- 
off characteristics of the wing, and uses momentum theory to correct 
these characteristics for power-induced effects. In this chapter, 
the method is used only to calculate the (D/l) max boundary of the 
XC-142A. In subsequent chapters, the method is applied to calculate 
stability derivatives for the CL-84 tilt-wing aircraft in level and 
descending flight. For the XC-142A, wind-tunnel model results were 
used as the source of power-off data. The predicted boundaries are 
of the same general form as the experimental boundaries .observed in 
model and full scale tests, but give a limiting descent angle which 
at a given forward speed is about 8 degrees shallower than that 
obtained in full-scale flight tests. The discrepancy can be removed 
by introducing an arbitrary scale effect correction, increasing the 
angle of attack for power-off stall by 10 degrees to correct model 
results to full-scale. This scale correction is believed to be valid 
and reasonable, but cannot be fully justified until full-scale power-off 
data become available. 



The predicted boundaries are very sensitive to the power-off 
stall characteristics, which in turn depend critically upon Reynolds 
number and wind-tunnel wall interference. This sensitivity limits the 
usefulness of the method for prediction of descent boundaries; however, 
it reflects important physical factors, and emphasizes the value of 
stall-delaying devices such as slats and slotted flaps, or boundary- 
layer control. Because of the sensitivity to stall effects, the 
theory is probably most useful as a basis for comparative (rather than 
absolute) predictions. It provides a method for assessing the rela- 
tive effectiveness of alternative stall -delaying devices. The fact 
that theory predicts the correct general shape of the boundaries 
confirms the value of simple momentum concepts in the analysis of the 
complex flows around slipstreamed wings. 

Description of the Method 

The technical approach is generally similar to that emploved 
by Kuhn (Reference 21). There are, nowever, numerous differences 
between details of Kuhn's method and the method presented here. These 
differences will be noted as they arise in the discussion. In both 
methods, the lift and drag of the wing are computed as the sum of two 
parts. 

(l) The 'outer' flow: a part due to deflection of the free- 

stream by the wing. The mass flow that is deflected is assumed to 

Vg [b 2 - W(D 2 ) ], where = free- stream velocity, p = density, 
b - wingspan, R = number of propellers, and D = diameter.* 

2 2 

* Kuhn chooses an 'outer' mass flow equal to P^-V [b - N(D g ) J 

where Ds is the diameter of the fully-developed slipstream. For 
most flight conditions of practical interest, the difference in 
the total lift and drag due to replacing D by Ds is slight. Neither 
choice is rigorous, and using D leads to much simpler mathematical 
expressions . 



(2) The 'inner' flow: a. part due to deflection of the slip- 

streams hy the wing. This flow is assumed to be deflected parallel 

"X" 

to the section zero lift-line. 

To compute the ’inner* flow, the slipstream mean 

airspeed at the wing must he known. This is derived using momentum 

theory , as explained below. Note that it is not assumed that the slip 

stream is parallel to the propeller axis., except at zero forward speed 

or when the propeller axis is parallel to the direction of flight, as 
** 

in cruise. 

Computation of Isolated Propeller Net Thrust, 

Gross Thrust, and Normal Force 

Inviscid incompressible flow is assumed, with the fully 
developed slipstream static pressure equal to the free-stream static 
pressure. As shown in Figure 13* the mean induced velocity at the 
propeller disc, V^, is assumed to be parallel to the shaft axis. The 
mean induced velocity in the fully developed slipstream is assumed to 
be 2V^, in the same direction. The resultant velocities at the disc 
and in the fully developed slipstream are obtained by summing the 
free-stream and the appropriate induced velocities, as indicated in 
Figure 13- 


This assumption has been verified by plotting flow deflec- 
tion data from several tests on wing-propeller-flap combinations at 
zero forward speed. Kuhn assumed that this "static” flow deflection 
angle, 0, remains unchanged with forward speed; however, he did not 
correlate 0 with the angle between the propeller axis and the zero 
lift-line, 0^. 

** This is another point of difference between the present 
theory and that of Kuhn, in which it is assumed that the slipstream 
is always parallel to the propeller shaft. 




The foregoing assumptions are standard in the momentum theory 
of propellers. It is also assumed that the mass flow through the 
propeller is proportional to the local resultant velocity 
and an area equal to S_^ cos a^, where cu^ is the angle of 
to the shaft axis , i . e . : 


Mass Flow = p t S cos O' 
Dp D 


( 21 ) 


This assumption is different from the standard assumption of momentum 
theory which replaces the above "area of capture” cos a ^ by S^. 

However, it has been found that Eq. (21) gives better agreement with 

* 

experiment . 


From Figure 13 and Eq. (21), the thrust, T, is given by 

T = PS cos O' V_ 2V. = p S 2V. (V. + V- cos ) (22) 

p ED l p l i TL v 

2 

Defining a thrust coefficient T c ~ 2T/p S^, and manipulating 
Eq. (22) , yields the following relationship for induced velocity, as 
a function of thrust coefficient, and of the inclination of the 
thrust line to the. free stream, a 

1 L. 


v. 


n=(,/2)[(c OS \ L + T o ) 


1/2 


cos a TL J 


( 23 ) 


The inclination of the fully developed slipstream to the free-stream, 
a , is given from Figure 13 as 


tan a 

ss 


V m Sln0 TL 

V os a TL 1 


2V. 

1 


(24) 


The choice of the area of capture is arbitrary, as long 
as momentum- type theory is employed. Kuhn (Reference 21) used Sp 
as the area of capture, but did not correct for the inclination of 
the slipstream from the shaft axis. 



It is convenient to rewrite .Eq. (24) in terms of T c , using Eq. (23) 


tan a 

ss 


sin a 


TL 


(T c + cos a TL ) 


1/2 


(25) 


Eq. (25) provides the basis for calculating the lift and drag developed 
by the portions of the wing which are immersed in the slipstream as 
described in the next subsection. 


In calculating the descent boundaries , the propeller normal 
force (i.e., the force normal to the shaft axis) was assumed negligible. 
The validity of this assumption was checked during the subsequent 
calculations of stability derivatives , described in Chapter IV. In 
general, it appears that propeller normal force will not be a signi- 
ficant fraction of the thrust during low speed level flight and 
descending conditions. 


For purposes of computing the forces on the wing, the isolated 
propeller gross thrust is required. This is defined as the vector 
sum of the net thrust and the reversed ram drag (See Figure l4) . The 
magnitude of the ram drag is simply mV^ , where m is the mass flow. 
Resolving the ram drag into components normal and parallel to the pro- 
peller shaft yields a convenient expression for the magnitude of the 
gross thrust, F , as indicated below. 

o 


| (T + 

L. 

mV cos 
00 

a rf 

+ (mV 
' 00 


( 26 ) 

mV 
CO L 

( T ^ 

2 

1 t 2.1 

< T \ 

“I 1 / 2 

c °s a TL + lj 

( 27 ) 

\ m 

V mV^ J 

r 

( 2V i > 

2 

' V i \ 2 

1 1/2 


mV 1 

00 L 

V v„ / 

1 + 2 ( 


+ 1 

( 28 ) 


00 





Combining Eq. (22) and Eq. (28) yields the following simple result: 



= mV 

T + 1 

g 

00 1 

L c J 


1/2 


(29) 


The inclination of the gross thrust to the propeller axis is 
given from Eq. ( 29 ) and Figure 14 as 


sin a 


tan X 


ss 


(T c + cos a TL ) 


TL 

2 a W 2 


(30) 


Computation of Wing Forces 

It is assumed that the portion of the wing immersed in the 
slipstream produces lift and drag solely by turning the total 'inner' 
slipstream mass flow and does not influence the lift and drag 
associated with the 'outer' flow. This assumption implies a flow 
model in which the protective sheath of vorticity surrounding the 
slipstream isolates the velocities inside the slipstream from those 
outside. This is physically plausible, and corresponds to an assump- 
tion usually made in analyses of propeller and helicopter rotor wakes, 
where it is shown that the assumed distributions of shed vorticity 
are such that no velocities are induced outside the wakes. A con- 
sequence of this assumption is that the flow model for downwash 
behind a slipstreamed-wing is non-uniform. 

The gross thrust is assumed to be rotated through an angle 
*ss + ®-ZLL* ^ ie * ss determined from Eq. (24), and 8 

can be found either from standard airfoil data or power-on tests at 
zero forward speed, as explained below. 


It is convenient to express 8 7TT| 
illustrated in Figures 14 and. 15? as: 


in terms of quantities 




The angle (i mT + a AT ) represents the incidence of the zero-lift line 

JLJ_i OL 

to the shaft axis, at zero flap deflection. By the usual convention, 

i and a are negative for the typical arrangement shown in 
II OL 

Figure 15. It has been found empirically that, for typical chord/ 
diameter ratios, the flow turning angle at zero forward speed, 0, can 
be closely approximated by the angle 0 ZLL as determined from power-off 
tests. The theory presented here assumes that the slipstream is 
turned parallel to the zero lift line at all flight conditions, from 
hover to cruise. 


To obtain the lift and drag due to the slipstream-wing 
interaction, the initial gross thrust and the final gross thrust are 
resolved with components normal and parallel to the free-stream 
direction and the appropriate components are subtracted. Figure 16 
shows the required geometric relationships. The result is: 


FG 


= F„ 


r 

! v 

L K 1 


sin (a TL + 


W - 


sin (a 


TL 


a ) 

■ ss' 


(32) 


B FG ■ r G l_- k l oos ( °TL + e ZLL> + C0S ( a TL "“ssM (35> 

The factor k.. allows for turning losses in F A . These have been ob- 
served in power-on tests at zero forward speed, where it is found 
that for extreme flap deflections the resultant force is approxi- 
mately 9 0 % of the isolated propeller thrust. 

Eqs. (32) and (33) express the portion of the wing lift and 
drag due to the flow within the slipstream. The flow outside the 
slipstream provides a lift and drag which can be estimated by 
standard methods for power-off conditions; however, a correction 
factor must be applied to allow for the part of the total power-off 
lift and drag that is included in Eqs. (32) and (33) > since these 
equations do not equal zero for zero thrust (because F / 0 
for T = 0) . 



The correction factor is : 


1 


TT 

£ 


total disc area 

2 

x (effective span) 


The effective span is the span of an elliptic wing having the same 
lift and induced drag as the actual wing, i.e., b * where b is 
the actual span and e is the span-efficiency factor. Applying this 
correction yields 


L 

outer 

flow 


i/ 2 p v\ri . | ( 


2 -, 


J L 


power-off 


(34) 


outer 

flow 


= 1/2 P ATi -1(2)1 


Di 


power-off 


+ 1/2 p 

o power-off 


(35) 


Note that the induced drag is subject to the interference correction 
factor, whereas the profile drag is not, since the total wetted area 
is relevant for Qd o . In Eqs . (34) and (35) > the power-off coeffi- 
cients may be estimated by standard 'handbook' methods or directly 
from power-off wind-tunnel tests. 


Computation of Total Lift and Drag 


The contribution of the propeller tnrust to the total lift and 

drag is 


= T sin a TL 

(36) 

= -T cos a TL 

(37) 


50 



The total lift and drag can be written by summing Eqs. ( 36 ), (34) , 
and (32), and Eqs. (37), (35), and (33), thus: 

L = F G [ k l Sln(a TL + e Z LL ) ' S “ ( “TL - “sst 



D = f q [-k G OOS (a TL + e ZLL ) + COS (a IL 



+ x / 2 p ^ [1 - ! (!) ] s. 


+ 1/2 p c T 


i power-off 


- T cos a. 


o power-off 


To solve these equations for a given T and a ' _ , use Eq. (22) to 

TIj 

determine V. , solve Eq. (24) for a , determine V_ as V + V. , solve 
x V ss D 00 1’ 

Eq. (21) for then solve Eq. ( 28 ) for F p and substitute a , and 
F^ in Eqs. ( 38 ) and (39)- The remaining quantities can be estimated 
from standard aerodynamic handbooks or other appropriate data sources. 
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Correlation with Experiment 
within the Unstalled Region 

The lift and drag equations given above have been checked 
against widely different configurations with good correlation. 

Examples of correlation with the experimental data of Reference 22 
are shown in Figure 17(a) and 17(h)- The airfoils used were symmetrical 
with double plain flaps. Figures 17(a) and 17(b) show results obtained 
with the rear flap deflected 30 degrees. Figure 17(a) and 17(b) indicate that 

the theory predicts the lift and drag with good accuracy in the un- 
stalled region. Further verification of the accuracy of the theory 
is given in Chapter IV, where calculated stability derivatives for the 
cl-84 tilt -wing aircraft are shown to give fair agreement with flight 
test results. 

Estimated buffet boundaries may be compared to buffet indica- 
tions in the experimental data. The estimated buffet boundaries in 
Figures 17(a) and 17(b) were obtained by using a stall -o; oL (as indicated 

by the power-off data for the configuration) as the value of x 

s s 

and solving for T versus a . To be consistent with the notation 
c j. 2 

of Reference 22, the data are presented in terms of T " (=2T / P V S ), 

7 c r ss p 

in Figures 17(a)- and 17(b). 

Calculation of Descent Boundaries 
for the XC-142A 

This section applies the theory developed in the preceding 
sections to calculate the limiting angle of descent of the XC-142A 
tilt-wing aircraft at air speeds from 30 to 80 knots. As explained 
in Chapter I, the problem is equivalent to predicting (d/l) The 

general procedure is described below; the aerodynamic and geometric 
data used for the XC-142A are then summarized, and finally the calcu- 
lated descent boundary is compared with boundaries obtained from 
wind-tunnel and flight test results. 



Figure 17(a) 


. - Correlation of Lift and Estimated Buffet Onset 
with Figure 16, Ref. 22. 






Figure 17(b). - Correlation of Longitudinal Force and Estimated 
Buffet Onset with Figure 1 6 , Ref. 22. 




General Procedure 
for Calculating Descent Boundaries 


In calculating the descent boundaries, the flight condition 
(V,y , and W) and an initial value of T c were assumed; Eq. (25) was 
then solved iteratively to find a T c that satisfied either of the 
following limiting conditions, plus the appropriate overall aircraft 
lift-drag weight equilibrium relationship of Figure 1. 

(1) tan (a - i w ) equals the stall angle of the wing, 

s s ™ 

where i is the incidence of the reference wing chord relative to the 
w 

propeller shaft . 

(2) equals the that can be produced by the propeller 
operating at maximum power, under the given flight conditions. To 
calculate the power, an efficiency of 87% was assumed. This assump- 
tion was not critical, since the descent boundaries were, in fact, 
set by condition (l). 

If the selected flight condition did not produce a satisfying 
either of the above conditions, it was assumed that the flight condi- 
tion did not lie on the nominal flight path boundaries. Thus, by a 
trial-and-error process, the descent boundaries were established. 

Geometric and Aerodynamic Characteristics 
of the XC-142A 

The XC-142A airplane is a turbine -engined, tractor propeller, 
flapped, tilt -wing' design for vertical and short takeoff and landing. 
It has four propellers of diameter and spacing such that the wing is 
nearly totally immersed in the slipstream. The wing has slight sweep 
and double- slotted Fowler-type flaps, plus slats. Figure 18 illus- 
trates the general appearance of the aircraft. 




Figure 18 . - Three-View Drawing of l/ll Scale XC-142A Model of Reference 23 




General dimensional data required for calculation of the 
transition descent boundary were taken from References 23 and 24 and 
are shown on Table 2 . Required configuration parameters derived from 
this data are shown on Table 3- 

In addition to the dimensional data, four items of basic 
aerodynamic data are required for use in calculation of the transition 
descent boundary. These are the power-off angle of attack of the wing 
reference chord line at zero lift, Q' o ; power-off zero lift drag 
coefficient; flap effectiveness*; and variation of section maximum 
unstalled angle of attack with flap deflection. The value of a Q is 
found to be -1.7 degrees, from Figure 7 of Reference 25. 

Zero lift drag coefficient data versus thrust coefficient for 
several model configurations were taken from Figure 12 through 14 of 
Reference 23 and are shown on Table 4. These data are plotted on 
Figure 19. Based upon Figure 19, a power-off Cd q = 0.15 was taken 
as representative of the configuration. This value is also in 
general agreement with Figure 7 of Reference 25. 

Data from Reference 23 showing the total angle of attack. of the 
wing, = ( Of + iA , at maximum lift coefficient as a function of .: 
flap deflection and thrust coefficient are shown in Table 5- Data 
are shown for flap deflection of 40° and 60° only. Although data 
for zero flap deflection were available, these did not show a clear 

C T , and indicated values of a. at C T from 20° to beyond 40°. 

Tnax 1 L max 


*Flap effectiveness is defined here as the variation of the 
angle of attack for zero lift with flap deflection. The significance 
of this parameter is explained later in this chapter. 



TABLE 2 

XC-142A BASIC DIMENSIONAL DATA 
Wing Span 67.5 ft 2 

2 

Wing Area 534.0 ft 

Number of Propellers 4 

2 

Propeller Diameter 15*5 ft 

Engines (4) GE T64-GE-1 

Maximum Power (S.L. Std.) per engine 3080./H.P. 

Gross Weight 37,490 lb 

Empty Weight 23,016 lb 

Angle of Prop. Shaft to Wing Reference Chord.. 0 degree 
Flap: Double Slotted, Fowler Type 

Flap to Chord Ratio (at 6 - 60°) ~.28 

Airfoil NACA 63-318 

TABLE 3 

XC-142A CONFIGURATION PARAMETERS 

2 

Wing Area 534.0 ft 

Aspect Ratio 8.5 

2 

Propeller Disc Area • 188.7 ft /prop 

2 

Wing Loading 70.2 lb/ft 

2 

Disc Loading 49-5 lb/ ft 














































yj SCALE MODEL 

O -$p = 0, no slat, i w = 0 

□ - ip= 40° slat S i , i w = 0 

c/-6 p =40° slatS r i w =20 ° 
A - <5p = 60°, slat S], i w = 0 
































































The data of Table 5 are plotted in Figure 20(a). This figure indi- 
cates the experimental ranges of possible at power-off, for 

40° and 60° flap deflections. From this and the trends of other 

airfoil data, the curve of a m at ^t, versus flap deflection 6™; 

i max r 

power-off, of Figure 20(b) is estimated as representative of the 
XC-142A as indicated by the data of Reference 23. Since this angle 
is to be used as the angle X or buffet-limiting local angle of 
attack of the fully developed slipstream with respect to the wing 
reference line, it is so indicated on the ordinate of Figure 20(b). 

Note that data with slat S, were used for this curve, and that only 
power-off data are required. for use in the descent boundary calcula- 
tion. 

A dashed line representing an arbitrary increment of 10 degrees 
added to the experimental angles at maximum lift will be noted on 
Figure 20(b). This was used in a calculation to demonstrate the 
effect of leading edge devices, as discussed later. 

Data showing wing angle of zero lift, o' T A versus flap 

i j-Lj = 0 

deflection and thrust coefficient, taken from Reference 23 are shown 
on Table 6. These data, are plotted on Figure 21(a), in order to 
determine the flap effectiveness (power-off) , defined as the 
variation of zero lift angle of attack with flap deflection. The 
estimated curve of this variation based on the experimental data is 
shown as the solid line in Figure 21(b). The initial slope of this 
curve at small 6^, is known from various airfoil tests, as in 
Figure 96 of Reference 26. However, the experimental data shows 
the flap to be less effective than expected at high flap deflections } 
the change in ^ ^ is very small from 5^= 40 degrees to 6^, = 60 

degrees. The ineffectiveness is unexpected, and may perhaps be 
ascribed to scale or tunnel wall. effects. 



Experimental Data 
with slat Si 


□ dp =40° 
A dp = 60° 


10 15 20 

25 3 

0 

c* T AT max 

Figure 20(a). - XC-142A 1/11 Seal 
at Maximum Lift 
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.e Model Local Angle of 

Attack 
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Representative Curve 
v \ (Power Off ) 


FLAP DEFLECTION, d p ~ DEG. 

Figure 20 (b) - Flap Effectiveness for XC-1U2A l/ll Scale 
Model 







TABLE 6 

FLAP EFFECTIVENESS DATA - XC-142A 
i/ll Scale Model of Reference 23 
(NASA TN-D-3217) 


Figure No. 
of Ref. 23 



V+iWLo) 

C T 

S 

X T 

(deg) 


(deg) 

-.50 

.49 

Tail 

-.75 

.26 

Off 

-1.30 

• 03 

Off 

-1.00 

-.32 

Off 

-11.5 

All 

20 

• -11.0 

.81 

20 

-9.0 

.62 

20 

-8.5 

.44 

20 

-15.3 

.62 

20 

-14.0 

.42 

20 

-l4.2 

.26 

1 

20 

-16.4 

.81 

20 

-l4.8 

.62 

20 . 

-13.2 

.45 

20 

-15.0 

.43 

20 

-13.5 

.45 

20 

-16.0 

.61 

20 

-15.0 

.61 

20 

-l4 .2 . 

.61 

20 
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TABLE 6 
(Continued) 


Figure No. 

■ 

% 

Slat 

— 

(« +i w LK) ) 

% 

1 T 

Comments 

of Ref. 23 

| 

nominal 


(deg) 

(deg) 


(deg) 


17a 

0 

prop 1 s 

none 

0 

0.0 

prop 1 s 

tail 









off 

Trim at 


0 

off 

none 

0 

0.0 

off 

-5 

about 


0 

off 

none 

0 

0.0 

off 

0 

im = 2.0 
deg. 


0 

off 

none 

0 

-1.5 

off 

10 


0 

off 

none 

0 

-5.0 

off 

20 


17b 

60 

off 

s i 

0 

-12.5 

off 

off 

Trim at 


60 

off 

s i 

0 

-10.5 

off 

-5 

about 


60 

off 

s i 

0 

-11.0 

off 

0 

v - 1 - 50 


60 

off 

s i 

0 

- 12.5 

off 

10 

deg. 

18 a 

4 o 

off 

s i 

0 

-10.0 

off 

off 



4 o 

off 

s i 

0 

-11.0 

off 

10 

No trim 


4 o 

off 


0 

- 11.5 

off 

20 









































It is believed that the flap effectiveness of the full scale 
XC-142A is greater than indicated by the experimental data of 
Reference 23. Therefore, the dashed curve on Figure 21(b) was 
estimated from section test data of Reference 26, and the flap effec- 
tiveness data at low flap deflections of Figure 96 , Reference 26. * 

This curve indicates the degree of flap effectiveness which could be 
expected under full scale conditions . 

The data of Reference 25 offer flap effectiveness for a single 
deflection, 5^=? 60 ° as shown on Figure 21 (b).. The tests of Reference 
25 used surface roughness treatment for control of boundary layer 
transition. The curve of effectiveness versus deflection shown on 
Figure 21(b) as based on Reference 25 used the single point at 6 ^ = 6o°, 
faired into the curve based on Reference 26 at lower flap deflections. 
The curve was used to calculate the descent boundaries. 

Calculated and Experimental 
Descent Boundaries 

Descent boundaries taken from the wind tunnel test data of 
References 23 and 25, and the flight test data of Reference l4 are 
shown on Figure 22. The wind tunnel boundaries are shown for two 
values of flap deflection. These show the flight path angle corres- 
ponding to the lift to drag ratio measured at the value of wing 
incidence (with fuselage level) at which flow breakdown on the wing 
was indicated by observation of tufts. These curves are based on 
un trimmed data. 

Boundaries based on the flight test data of Reference 14 are 
shown as the solid curves on Figure 22. These data were obtained by 
flying a configuration having constant wing incidence and flap deflec- 
tion, gradually reducing power to increase rate of sink, and control- 
ling air speed by fuselage incidence. The boundaries correspond to 




















the low frequency buffet characteristics. These boundaries are the 
same as those shown in Figure 10. 

Descent boundaries calculated by the analytic method are also 
shown on Figure 22. The dotted line represents results using best 
estimates * of basic aerodynamic data from Reference 23, 25, and 26. 

The dashed curve was calculated using the curve of slightly higher 
flap effectiveness derived from Reference 26, but other basic aero- 
dynamic data from Reference 23, i.e v , a lift curve slope of 4.30 
instead of 4.91 as from Reference 25-, and an angle of zero lift of 
-1.0° at zero flap deflection. 

Steeper descent angles are realized in flight testing than are 
predictable by the theoretical method. The theoretical method indi- 
cates that the boundary should be very sensitive to the angle of 
attack at maximum C^, as this angle > is the index to the maximum 

deflection of the slipstream by the wing. Leading edge devices are 
especially effective in extending the value of this angle. To define 

the effect of X^ QV on the descent boundary, the boundary was calcu- 
max 

lated for speeds in the vicinity of minimum allowable angle of descent, 
using values of from Reference 23 to which an arbitrary increment 

of 10 had been added. The curve of (v t 10 ) is shown on Figure 
20(b). The resulting segment of descent boundary is shown as the solid 
curve of Figure 22. Although the increase of X without accounting 
for accompanying losses is to some extent arbitrary, the results 
indicate the power of this parameter in affecting the descent boundary. 

The angles of descent resulting from the extension of X 

max 

are in reasonable agreement with those obtained in flight testing. 

This result indicates the probable importance of scale effects and 
tunnel wall corrections at the limiting flow deflection conditions, 
especially regarding the effectiveness of leading edge devices. 
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CHAPTER IV 


EFFECT OF DESCENT ON TRANSFER FUNCTIONS OF TILT-WTNG 
AND TILT-DUCT V/STOL AIRCRAFT 

Introduction 

The preceding chapters have discussed the restrictions imposed 

on descent capabilities of V/8T0L aircraft by (d/l) . This restric- 

max 

tion is an important one for establishing nominal flight paths. 

However , it does not necessarily follow that a nominal flight path is 
flyable. Factors such as poor handling qualities , unsatisfactory gust 
response , improper coupling to ground-based guidance equipment, etc., 
may render a given nominal flight path impractical. These factors are 
associated with the small-perturbation dynamics of the aircraft. 
Accordingly it is desirable to study the effect of descent on the small- 
perturbation dynamics of typical v/STOL aircraft, in order to detect any 
trends that may limit the accuracy with which the aircraft can follow a 
given nominal flight path. Particular interest centers on character- 
istics which are innocuous in level flight but which become adverse in 
descent . 

To achieve this objective, transfer functions have been calcu- 
lated for the Canadair CL-84 tilt-wing aircraft, and for the Bell X-22A 
tilt-duct aircraft, for a range of low speed conditions, including level 
flight, shallow descents, and descents as steep as the aircraft's 
limitations will permit. This chapter is mainly concerned with the 
calculation and verification of the transfer functions, and the air- 
craft response to step control inputs. It is shown that for the tilt- 
wing configuration, with stability augmenter system off (S.A.S.-off) a 
marked deterioration in the height response to throttle or collective 
pitch occurs in steep low-speed descents. This change is associated 
with the appearance of a right-half -plane zero in the appropriate 
transfer function. 



In Chapter V the consequences of this change in the transfer 
function on the accuracy of terminal guidance are calculated. It is 
shown that, even with optimum control, the ability of the aircraft to 
follow a given nominal flight path is severely degraded when the 
magnitude of the right -half -plane zero lies within a certain critical 
region. 


Calculation and Validation of CL-84 Stability Derivatives 

The CL-84 is shown in Figure 23, which is based on data 
from Reference 27* This reference describes flight tests on the CL-84, 
and contains the basic dimensional data used in the calculation of 
stability derivatives. Accordingly, the dimensional data is not 
repeated here. Reference 27 does not present inertial data; manufac- 
turers' estimates were therefore used. 

The CL-84 is equipped with a three-axis stability augmentation 

system (S.A.S.). This produces additional rate damping of 1.8, 2.4, 

and 3*6 rad/sec per rad/sec about the yaw, roll, and pitch axes, plus 

2 

an artificial pitch attitude stiffness of 1.8 rad/sec per rad. The 
term "S.A.S.-on" is used here to denote conditions where all of. the 
above augmentation functions are operating. 

The stability and control derivatives were calculated by the 
MOSTAB modular stability derivative program described in Reference 1 , 
for the nineteen flight conditions listed in Table 7 • These flight 
conditions cover the airspeed range from hover to 100 knots, with rates 
of descent varying from level flight to the descent buffet boundary, as 
estimated in Reference 28. Because the forward speed tests of Reference 
27 were performed at 85 percent of nominal RPM, this was used for 
derivative calculations, to facilitate comparisons between flight test 
data and the predicted aircraft response characteristics. Some cases 
were re-run at 95 percent RPM to detect any significant effects of 
propeller speed on the derivatives. 







Case 

Airspeed 

Rate of Descent 
Ft /.Sec 

RPM i } 

1 . 

Hover 

0 

95 

2. 

Vertical Descent 

10 

95 

3. 

20 Knots 

0 

85 


20 Knots 

5 

85 

5- 

20 Knots 

1° 

85 

6. 

42 Knots 

0 

i 

85 

7. 

42 Knots 

I 6 

95 

8. 

42 Knots 

8 

85 

9. 

42 Knots 

1 6 

85 

10. 

6o Knots 

0 

85 

11 . 

6o Knots 

12 

85 

12. 

6o Knots 

24 

85 

13. 

80 Knots 

0 

85 

i4. 

80 Knots 

15 

85 

15. 

80 Knots 

30 

85 

1 6. 

100 Knots 

0 

85 

17* 

1 00 Knots 

30 

95 

18. 

100 Knots 

15 

85 

O.- 


85 


19 


100 Knots 


30 








Derivatives were calculated for all the flight conditions listed 
in Table 7> and the derivatives for Cases 1 , 6 , 9, 13 and 15 are pre- 
sented in Appendix A together with appropriate inertias. To check the 
accuracy of these derivatives they were used to compute time histories 
of responses to specified control inputs. The calculated responses 
were then compared with flight test responses given in Reference 27 . 

A typical comparison of longitudinal responses is shown in Figure 24. 

The calculated response was obtained by direct integration • of the equa- 
tions of motion using the derivatives given in Appendix A, and the same 
stick deflection time history as recorded in flight. It will be seen 
from Figure 24 that the agreement between the calculated and actual 
longitudinal responses is very good, for the flight conditions examined 
in Figure 24 ( 42 knots level flight attitude S.A.S. off). Similar compari- 
sons of lateral responses were made for the following level flight 
conditions; 100 knots, roll S.A.S. on; 42 knots, yaw S.A.S. off; and 
42 knots, roll S.A.S. off. All of these comparisons showed satisfactory 
agreement between the calculated and actual flight test time histories. 

Thus, the derivatives and the calculated transfer functions discussed 
below appear to be of good accuracy. 

The Effect of Descent Angle on the CL-84 
Longitudinal Transfer Functions 

Appendix A presents longitudinal and lateral transfer functions 
for each of the cases listed in Table 7> hoth with S.A.S. on and with 
S.A.S. off. In general, the effect of descent angle on the transfer 
function is slight; however, there are some important exceptions to 
this generalization, as noted below. A brief summary of the major 
effects of descent on each transfer function is given below. Appendix 
A presents the transfer functions which form the basis- for this 
summary. 








Time, sec 


Figure 2 4-. - Time History of Longitudinal- Control Step Pull-and-Hold 
Maneuver with Pitch-Attitude SAS off and Pitch-Rate SAS on 
Airspeed of 4-2 Knots; VJing Incidence of 4-0°; Flap Incidence of 24- 

CL-84 
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Longitudinal transfer function denominators . - With S.A.S. off 
the CL-84 displays typical characteristics of tilt-wing V/STOL aircraft 
as summarized in Reference 29 . At hover there exist two stable 
aperiodic roots and one markedly unstable oscillation. As forward 
speed is increased to 100 knots these roots merge to form the conven- 
tional phugoid and short-period roots, as described in Reference 29. 

At a given airspeed, the effect of descent angle on these root's is 
generally negligible. In most cases the change in the: roots from level 
flight to maximum descent, is less than 10 percent... 

With S.A.S. on, there is a marked!, increase in the stability of 
the hovering oscillation (the roots change- from +0. 156 +0.526j to 
-0.554 +0.2l4j). This increase in stability is maintained throughout 
transition, and at 100 knots the S.A.S. almost doubles the phugoid damping 
ratio and increases the short-period damping ratio by approximately 25 
percent. As in the 'S.A.S. Off' case; the effect of descent angle on 
the roots at a given airspeed is generally negligible. 

Pitch attitude/longitudinal stick deflection transfer function . - 
At a given flight condition the numerators of these transfer functions 
are the same 'S.A.S. on' and 'S.A.S. off.' There is very little change 
with descent angle, at a given airspeed. As noted above, the denominator 
change is negligible; therefore, pilot opinion of attitude control should 
be unaffected by descent. 

Speed/longitudinal stick deflection transfer function . - The 
control of stability- axis speed perturbations (u) is of importance for 
stationkeeping and for establishing the desired approach speed. The 
numerator of this transfer function is virtually unchanged by the 
S.A.S. Descent angle does induce some change at speeds below 100 knots. 
For example, at 42 knots the relevant transfer functions for the S.A.S. 
off, 85 percent RPM condition, are: 



u_ 1.0? (s + . 24 ) (: s - 9 . 94 ) (s + 9 «8l ) 

&E ( s + .0122 + .217J) xi + .525 + . 93 fej) 

Level Flight 

u 2.09 (s + .182) (s - 6.23) (s + 6.58) 

& E ~ (s + .0177 + - 244 j J (s + .50^ + . 941 d) 

960 fpm 
Descent 


This change is probably not significant for human or automatic control, 
since the D.C. gain of the transfer function remains unchanged and the 
right -half -plane zero is too large to be critical, as will be explained 
in Chapter V. 

Height err or /longitudinal stick deflection transfer function - 
First it is necessary to define the term ’’height error " as used in this 
report. The definition is illustrated in Figure 25* The height error, 
h^, is defined as the distance of the airplane c#g. above the = 
unperturbed flight path, measured normal to the unperturbed flight path. 
Thus, if the nominal flight path is level, the height error is simply 
the altitude of the aircraft above the datum altitude, i.e., h = h* 

If the aircraft is descending at an angle 7 ^ in the unperturbed state , 
the height error, h , equals the altitude perturbation multiplied by 
cosine 7 • The quantity h^ is used here, in preference to altitude, 
because it is more directly related to the pilot’s control task in 
attempting to follow a steep flight path. For example, perturbations 

o 

in speed, (u). could induce an altitude rate (h) error with the aircraft 
continuing to follow the desired spatial flight path. It is felt that 
the problem of controlling speed along the desired flight path should 
be treated separately from the problem of controlling the aircraft to 
follow the desired flight path. Thus, the r.m.s. deviation of h g is a 
significant measure of the accuracy of a given guidance system. In 
terms of stability axis quantities, h , can be obtained from: 




It is well-known that for conventional aircraft below the 
minimum drag speed, it becomes difficult to control height (h) by- 
elevator alone in small perturbations from level flight. In Reference 
30 the cause is traced to a right -half-plane zero in the h/S-g transfer 
function.* The zero is in the left-half -plane at speeds above the 
minimum airspeed. This characteristic appears in the CL-84 level 
flight h/&g numerators which are: 

At 100 knots; 9.4-3 (s + .Oil) (s + 7-47) (s - 7.39) 

At 60 knots; 8.85 (s - .080) (s +4.15) (s - 3*77) 

It is interesting to see how the right -half-plane zero at 
s = + .080 is affected by descent. We, therefore, compare the above 
transfer function numerators with the corresponding h e /& E numerators 
for descent. For the maximum descent rates, at the above airspeeds, 
the h /& numerators are: 

At 100 knots; 9*77 (s - .024) (s + 7.14) (s - 7.05) 

1800 f.p.m. descent 

At 60 knots; 7*98 (s - . 361 ) (s + 3»3) (s - 2.16) 

1440 f.p.m. descent 

The above examples show that descent angle produces a signifi- 
cant increase in the magnitude of the smaller right -half-plane zero, 
and a decrease in the magnitude of the larger right -half -plane zero. 


*The h/5„ transfer function normally contains one large right- 
half-plane zero. E This zero causes the initial 'drop' of the c.g. in 
response to up-elevator. This drop is, of course, of very short duration 
and causes no control problems. The zero discussed here is additional. 


As explained in Chapter V, both these effects are adverse, since they 
tend to move the zeros into a critical region. Thus, the difficulties 
experienced in controlling the flight path by elevator will worsen in 
steep descents. 

Height err or /collective transfer function . - Because of the 
above-mentioned difficulties experienced in controlling height with 
elevator, it is usual to control height by thrust in low-speed flight. 
The h g / 8 q transfer functions tabulated in Appendix A describe the 
response of the CL-84 to changes in collective propeller pitch, 0. , at 
constant r.p.m. These transfer functions show some significant changes 
between level flight and descent for the S.A.S. off condition. For 
example, at 42 knots and 85 percent rpm the h /g numerators are: 

In level flight: - 107.8 (s + .015) (s + .443 + l.09j) 

At 9^0 fpm descent: - 112.0 (s - .092) (s + .477 + 1.03«j) 

The appearance of the right-half-plane zero causes a drastic change in 
the nature of the response to a collective step input. This is 

illustrated in Figure 26.. In level flight the response is always in 

the "right" direction, i.e., an increase of collective causes the 
aircraft to climb. By contrast, in descent h g increases only for the 
first 9 seconds, and actually reverses sign after 1 6 seconds. 

The sign reversal is a direct consequence of the change in the 
small zero from s =+ .01 5 to s =- .092. It can be shown by the 
Laplace Transform Final Value Theorem that a stable transfer function 
with one right -half -plane zero has a step response which initially is 
of the opposite sign to the final response. This "wrong-way" character 
istic may explain a control deficiency noted in Reference 27 (p. 16) 
which describes difficulties experienced in establishing a steady 300 
fpm descent rate at 42 knots. In -Reference 27 it is suggested that low 
plunge damping, -Z , may have been the cause; however, the calculated 

derivatives given in Appendix A do not show a significant decrease inlz 

I w 

with increase in rate of descent. Further, it is noted in Reference 27 
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Figure 26. - Effect of Descent Angle on Height Error Response for CL-84 

at 42 Knots Airspeed with S.A.S. Off 




that 'an indicated rate of descent could he maintained between 300 and 
700 fpm if frequent adjustments to the power lever were made.' This 
would be expected from the step response characteristics shown in 
Figure 26 . 

The S.A.S. removes the offending zero and thus eliminates the 
wrong-way final step response. This is illustrated in Figure 27(a)* The 
appropriate h / 6^ transfer function numerators, with S.A.S. on, are: 

In level flight: - 107.8 (s + .124) (s + 1.44 + .7983) 

At 960 fpm descent: - 112.0 (s + .050) (s + 1.37 + *802j) 

Although the descent case transfer function is free of right- 
half -plane zeros, the tendency for the response to be smaller than the 
level flight case remains. It is possible that the rather low magni- 
tude of the h e /e Q step response in descending flight (compared to the 
level flight response) might be objectionable to the pilot. An 
extensive discussion of the effect of right -half -plane zeros on the 
minimum possible r.m.s. tracking error, with special reference to 
CL-84 height error control, is given in Chapter V. 

The pitch responses associated with the height error responses 
of Figures 26 and 27(a) were calculated to check whether the "wrong-way" 
characteristic appears in the pitch attitude response. These responses 
are shown in Figure 27(b). This figure shows that there is not much 
effect of descent angle on the pitch attitude response to collective, 
both with S.A.S. on and with S.A.S. off. The S.A.S. reduces the 
magnitude of the pitch response to collective but the peak response 
remains relatively large, even with S.A.S. on. 


CANADAIR CL- 84 
42 KNOTS 
S.A.S. ON 



Figure 27(a). - Effect of Descent Angle on Height Error Response 
for CL-84 at 42 Knots Airspeed with S.A.S. On 








Seconds 


Figure 27(b). - Effect of Descent and Stability Augmenter System 
on Pitch Attitude Response to Unit Step Input in 
Collective Pitch for CL-84 at 42 Knots Airspeed 
at Sea Level 



The Effect of Descent Angle on the CL-84 
Lateral Transfer Functions 

Appendix A presents transfer functions relating roll control, 

(6.) to bank angle and also relating roll and yaw control (5 ) to 
lateral deviation from the unperturbed flight path. This quantity, 
denoted as y, is a measure of the lateral drift of the c.g. from the 
desired position, and is significant for terminal guidance since it 
equals the offset from the center of the runway. In general, there 
are few significant effects of descent on the lateral transfer functions, 
and hence only a brief summary is given below. 

Lateral transfer function denominators . - With S.A.S. off the 
CL-84 displays typical tilt-wing characteristics, changing from an 
unstable hover oscillation plus two stable subsidences at hover, to the 
usual dutch roll, spiral, roll subsidence combination at 100 knots. 

The roll subsidence root is unusually small, being of the same magnitude 
as the dutch roll root, because of the high roll inertia/damping of the 
CL-84. In the speed range 0 to 100 knots the effect of descent angle 
upon the denominator roots is negligible. 

With S.A.S. on, the hovering oscillation becomes slightly -stable, 
and there is a marked increase in the stability of the hovering roll- 
subsidence root. At higher speeds these trends continue: the dutch 

roll becomes well stabilized and the roll- subsidence root increases 
from approximately -1.5 S.A.S. off, to approximately -6.6. These 
characteristics are only very slightly affected by descent angle for 
all the speeds considered. 

Bank angle/lateral stick deflection transfer function 
numerators . These' are the same S.A.S. on and S.A.S. off. The effect of 
descent angle is negligible. 
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Lateral ground, velocity /pedal deflection transfer function 
numerators . - With S.A.S. off, in level flight this numerator is 
characterized by a moderately large right-half-plane root, a left-half - 
plane root of about 50 to 100 percent of the magnitude of the first 
root, and a stable complex pair. Some changes do occur between level 
flight and descent, however, the general character of the roots remains 
the same. For example, at 80 knots, the y/S numerator is: 

Level flight: - 3*^-3 (s - 3.17) (s + 1*37) (s + .059 + 3»9^j) 

1800 fpm descent: - 3.^ (s - t-.8l) (s + 2.73) (s + .522 + 2.26,1) 

Wo adverse effects are apparent in this change. The behavior with S.A.S. 
on is generally similar except that the oscillatory roots become more 
stable . 


Lateral ground velocity/lateral stick deflection transfer 
function numerators . - With S.A.S. off this important transfer function 
is characterized by a numerator with four roots. Two of these form an 
oscillatory pair which is approximately cancelled by the dutch roll 
pair in the denominator. This cancellation occurs in both level flight 
and descent j it assures a non- oscillatory step response, which is 
desirable for good handling qualities. The remaining roots comprise 
one which is of either sign but very small, and can be regarded as zero, 
and one which is exceedingly large ( >100 rad/sec) which has no influence 
on handling qualities. The above characteristics are unchanged by 
descent. One would expect, therefore, that the lateral positioning of 
the aircraft would be no more difficult in descent than in level flight. 

With S.A.S. on, the very-small root becomes large (>30 rad/sec) 
and stable. The other characteristics remain as described above, and 
no significant effect of descent on handling qualities related to the 
y/&^ transfer function is indicated. 



Calculation and Validation of X-22A 
Derivatives and Transfer Functions 

The Bell X-22A is a v/STOL research aircraft equipped with four 
ducted fans. Figure 28, taken from Reference 1 5, illustrates the 
general arrangement of the vehicle. Manufacturer's estimates of 
stability derivatives for the X-22A are given in Reference 51 for 
various level flight conditions, mostly with a deceleration a 'g’s. 

X 

These are equivalent to the derivatives for steady descent at an angle 

-1 

7 o = sin a . Interpreting the derivatives in this fashion yields 
derivatives for the flight conditions listed in Table 8. These 
descending cases correspond to the buffet boundary of the X-22A as 
estimated in Reference 51* The derivatives are tabulated in Appendix 
B. For reasons explained below, only lateral data are included in 
Appendix B. 

TABLE 8. 

FLIGHT CONDITIONS STUDIED FOR THE X-22A 


Run No. 

Airspeed 

fps 

Flight Path Angle 
deg 

S.A.S. 

1 

10 

- 12.1 

ON and OFF 

5 

67.5 

- 7.1 

1 t 

It 

5 

101 .2 

- 10.0 

U 

tt 

7 

168.9 

- 15-5 

M 

tt 

9 

219.5 

0 

1 ! 

tt 

12 

0 

0 

It 

tl 






Reference 15 presents data on the pitch roll and yaw rate 
damping provided by the S.A.S. As indicated in Appendix B, for the 
'S.A.S. on' cases, the derivatives were augmented by factors proportional 
to the rate feedbacks so that the calculated transfer functions include 
the effects of the S.A.S. Appendix B presents derivatives for 
'S.A.S. on' and 'S.A.S. off’ conditions. 

To validate the derivatives, the measured periods, damping, and 
dutch roll cp/0 ratio given in the flight test data of Reference 15 were 
compared with the values obtained from the transfer functions. The 
results are indicated in Figure 29 , which shows reasonable agreement 
between the predicted and measured characteristics. It would have been 
preferable to compare the predicted and measured characteristics at 
identical flight conditions. This was not possible, because Reference 
15 only includes data for perturbations from steady level flight, whereas 
the derivatives of Reference 31 are applicable to steady descent, except 
at 130 knots and hover. A further difference between References 15 and 
31 is that the data of Reference 31 are calculated for sea level, 
whereas the flight tests of Reference 15 were made at altitudes between 
3,800 and 5,000 feet. Longitudinal periods and damping ratios computed 
using the data of Reference 31 did not agree with the flight test data 
of Reference 15. It is possible that this discrepancy is merely the 
result of the difference in flight conditions j however, it was decided 
not to include the longitudinal data in Appendix B because of the .possi- 
bility that these data may be inaccurate.. 

Reference 31 does not present derivatives for level flight at 
the same airspeeds used in desceht, and such data were not available 
from other sources. Hence, no systematic comparison of the effect of 
descent on the transfer functions was made. The implications of the 
X-22A transfer functions for terminal guidance are described in the 
next chapter. 
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Figure 29, - Dynamic Lateral-Directional Stability (Dutch Roll) 
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14,500 to 15,000 lb. Rresure Altitude Range 3,800 to 5,000 ft 





CHAPTER V 


PREDICTION OP THE BEST ACCURACY ACHIEVABLE 
FOR V/STOL TERMINAL GUIDANCE 

Introduction and Summary 

The problem of controlling an aircraft to fly as closely as 
possible to some desired flight path, in the presence of gusts, is 
analogous to the problem of designing a filter network which reproduces 
a signal as closely as possible in the presence of noise. The latter 
problem was solved by N. Wiener (Reference 32) for the case of station- 
any random signal and noise, with subsequent extensions by J. F. Newton 
and R. E. Kalman for deterministic inputs, and time-varying signal and 
noise (References 33, 3^). In this section, we apply Wiener ' s results 
to the v/STOL terminal guidance problem. We show that a key factor 
governing the accuracy with which a given nominal flight profile can 
be followed is the presence of right-half-plane zeros in the numerator 
of the appropriate transfer function. Such ” nonminimum phase” zeros 
can seriously degrade the accuracy of the vehicle- plus-guidance system. 

With a pilot in the loop, additional nonminimum phase effects 
are introduced by the pilot's effective time delay t , which can be 
approximated by a nonminimum phase Pade r expression, (-s + 2/t )/ 

(s + 2/t ) , in the Laplace transform domain. 

In this Chapter we first present some results derived from 
optimal control theory. These are: 

(1) a formula for the optimum controller transfer function, for 
a given airplane and given gust characteristics 

(2) a simple expression for the mean square gust response of 
the airplane-plus-optimum controller combination. This 



is the minimum possible gust response achievable with the 
given airplane in the specified gust environment. 

Next a simple example is given to illustrate the use of these 
formulas. The applicability of optimal control theory to a typical 
v/STOL aircraft terminal guidance situation is then discussed. Some 
examples of the optimum gust response obtainable with the CL- 84 and 
X-22A. are then presented to illustrate the effects of nonminimum phase 
and time delay characteristics on the accuracy obtainable in various gust 
environments. It is shown that, unless special precautions are taken in 
S.A.S. design, the accuracy obtainable in V/STOL terminal guidance 
systems may be unsatisfactory. 

Transfer Function and Mean Square Error 
of an Optimal Regulator 

Figure 30 illustrates the regulator* configuration considered 
here. In Figure 30, a "plant" or "vehicle" having a transfer function 
PQ, is controlled by a single control, 8. The plant transfer function 
is assumed to be stable, and P includes the gain, all the numerator 
factors with le ft-half- plane roots, and all the denominator factors. 

Q, is the product of all the numerator factors with right-half-plane 
roots. For a minimum phase plant, Q = 1. For example, for a plant 
with a transfer function PQ = 5( s - 1 ) ( s + 3)/( s + 2) (s+4) ( s + 7) > 
the factors P and Q, are: Q=.s - 1, P = 5 (s+3)/(s + 2) ( s + 4) (s + 7) • 


"Regulator" is standard control system terminology for a 
system in which the only inputs are 'unwanted' inputs, such as gusts. 
If a command input were added, as in tracking a maneuvering target, 
the system would be called a 'tracking' or 'following' system. 











In Figure 30 the system is forced ty a noise n , and responds by 

producing an output c, which sums with n to give a total system "error" 

m. This quantity is called the "error" because it represents the 

deviation of the system from the desired unperturbed state. The problem 

is to find the transfer function of the feedback controller F which 

c 

will produce a 5 yielding the minimum value of some specified performance 

index, which is a function of m. Here we shall assume that n is a 

* 

stationary random noise, and the appropriate quantity to be minimized 
is the mean square value of m, denoted by m . 

It is important to note that the performance criterion chosen 
here places no penalty on the magnitude of the controller deflection, 8. 
This is in contrast to previous studies of the application of optimal 
regulator theory to aircraft, e.g., References 31 , 36 and 37. These 
r efe ren ce s employ a performance criterion of the form: minimum 
(m + k6 ) , where k is a positive weighting constant. It is frequently 
asserted that k must be included to obtain a meaningful optimum system, 
i.e., if k is allowed to go to zero the optimum regulator will be an 
ultra- fast-responding system with infinite feedback gain, requiring 
infinitely large control deflections, and producing zero error. This 
assertion is true only if the plant contains no nonminimum phase or time 
delay elements. For v/STOL aircraft such elements are always present, 
either in the aircraft transfer function or in the dynamics of the 
control jsjrstem. As will be shown, the simpler performance criterion, 
minimum m , gives meaningful results and, by definition, yields a system 
which has a smaller mean square error then any other system. 


The solution for a deterministic n can be obtained simply from 
the solution presented here, through the use of the "transient analog" 
(Reference 35). For the deterministic case the performance index is 



o 



For the system of Figure 30 ; from Reference 2, the transfer 

2 

function giving minimum mean square response m to a stationary random 
noise, n, is: 


M( jcd) 
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(41) 


where M( jcu)/N( jo>) denotes the transfer function written as a function of 
joo rather than the more general Laplace transform complex variable s = a 
s = o + jCD. 


is the noise power spectrum 

$ + is the factor of $> containing all the left-half 

nn nn 

plane complex poles and zeros 



denotes the expansion in partial fractions of the quantity 
+ 


within the braces omitting partial fractions with right-half 
plane poles 


Q, is the complex conjugate of Q, the product of the nonminimum 
phase factors of the plant transfer function. 


Example of calculation of optimum regulator transfer function. 
For the system of Figure 30, let the noise power spectrum be 


$ nn 1 + ^2 (1 + jo>) (1 - jto) 

Let the nonminimum phase factor be 


0 = a - jco 


m 


(43) 
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where, for the purpose of this example, a is variable. From Eq. (42) 
the left-half plane factor of is; 




Q «j> + a + ja> a - 1 1 2a 1 

§ nn (1 + j<u)(a - jo)) - a + 1 * 1 + jcd 1 + a * a - ju) 

( 45 ) 


Expanding into partial fractions and retaining only the left- half- plane 
factors 

[jL 4> + = a ~ 1 • — 3 (46) 

nn + a + 1 1 + jcu ' ’ 

Substituting from Eqs. (45) and (46) in Eq. (4l) the optimum transfer 
function reduces to 

m(3co) = i _ a_=_A • a - & (ki) 

N( jcu) a + 1 a + jcn v u 

It is of interest to interpret Eq. (47), the overall system transfer 
function, in terms of F c the optimum controller. From Figure 30, the 
system output, c, is related to the error, m by: 
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C(jcu) a 1 _ N(jco) 

M® " “ m(ooj) 


(48) 


Hence the optimum controller transfer function is: 

1 1 - a T 

V = — • • : — 

c P 1 + a a + jou. 


m 


In practice, P must have more poles than zeros. To make F c 

satisfy this practical requirement it is necessary to introduce 
arbitrary high frequency poles. Provided these are located beyond the 
noise bandwidth, the increase in mean square error is negligible. 

Thus Eq. (it-T) can be used to find a lower bound on system mean square 
error which can be very closely approached by practical systems. 

Example of calculation of mean square error. - It is instructive 
to calculate the performance of the optimum system, varying the non- 
minimum phase characteristics of the plant. The mean square error is 
given by the integral of the error power spectrum as: 



For the above example. 


M(.jco) M(-jcjp) 
N(jco) N(-jco) 



O 00 


from Eq. (47) 

1 + 1 ~ a | a - jcu 

1 + a I a + jou 

£ . 2 2 
4 a + 4 a cu 

( 1 + a) (a + to ) 


5 ^ < 5 °> 


a + jcu ) (1 ~ a) 2 

a " 3“ j (1 + a) 2 


( 51 ) 
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Hence , 


Integrals of the above kind can be readily evaluated from, the tables 

given in Appendix E of Reference 33 , or by summing the left-half- plane 

residues of $ . Che result is: 

mm 
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■ “ 3 ° 
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(55) 


Eq. (53) is graphed in Figure 31. Note the remarkable degradation in 
performance that occurs as the magnitude of the nonminimum phase zero 
approaches the input break frequency. By contrast, when the zero is 
either very 'close-in' or very 'far-out' the performance loss is less 
significant. 

The mechanism of the performance loss can be understood by 
considering Figure 32. This illustrates the step response of a simple 
system with a nonminimum phase zero compared with the same system 
with the sign of the zero switched, (i.e., made minimum phase). The 
transfer function of the system is 


C(s) 

R© 


- + where X = + 1 , or - 1 

1 + s 


( 5*0 


For the nonminimum phase condition \ = - 1, and the transient response 
moves in the "wrong" direction for the first 1.5 seconds. One can 
see intuitively that a random signal made up of a series of steps of 
equal magnitude, but switching sign with an average frequency of 
about 1.5 seconds, would be difficult to follow because of the non- 
minimum phase zero causing the initial response to be "wrong-way" . 






The above reasoning explains the "worst case" situation in 
Figure 31 , where, with a = 1, the mean square error is equal to the 
mean square noise. This implies that the optimum feedback, is zerol 
This astonishing result can be explained as follows. For low frequency- 
noise, the optimum F c has positive DC gain. For high frequency noise, 
the optimum F c has negative DC gain because of the initial "wrong- way" 
response (e.g.. Figure 32). For some intermediate noise, the optimum 
F c gain is zero. 


A Simple Formula for the Mean Square 
Error of an Optimal Regulator 

The calculation of the mean square error of optimal regulator 
systems becomes very simple through the use of the formula derived 
below. As will be shown later, the formula indicates how the minimun 
achievable mean square error is affected by aircraft characteristics 
such as short-period and phugoid frequency and damping, dutch roll 
root locations, etc. 

From Eqs. (M) and (50), the ratio of error and noise power 
spectra is : 
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( 55 ) 

where £ J denotes the expansion in partial fractions of the term 
within the braces omitting partial fractions with left- half- plane 
poles. Note that in Eq. (55) , the second term in | j> is merely the 
complex conjugate of the first. 



Rearranging Eq. (54) , 
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Writing $ = $ ® Q Q, and integrating Eq. ( 56 ) yields the 

nn nn nn - Q 

desired formula 
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m = 


2nj J 


"ram d;to = 2^ / [c * nn 1 [f *“ ] 


Q ® . .. 

Q nn J + 


(57) 


In most applications Q, consists of only a single nonminimum 
phase factor, hence the evaluation of J*^ requires only the 
calculation of a single residue. 

Example of the use of Eq. (67).- To swiftly calculate the 
mean square error of the simple example given above, note that in 
Eq. (45), 

fQ $ + 1 

U nn J- " 
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Hence the error power spectrum is immediately found as: 


0 

mm 


> a 1 2 * 4 5 
(1 + a) 2 


1 __ 

(a - Jco) (a + jcb) 


( 59 ) 


The mean square error can be found as before from the integral tables 
of Reference 35 or by summing left-half- plane residues of $ . 

Applicability of Wiener Regulator 
Theory to v/STOL Control 

From the above discussion, it appears plausible that nonminimum 
phase may cause significant inaccuracy in v/STOL aircraft control. 

To explore this in more detail, it is necessary to check that the 
underlying assumptions of Wiener optimization are valid for the v/STOL 
control problem. Let us therefore review the points of difference 
between the regulator and an actual aircraft. 

It is immediately apparent that a number of features distinguish 
the v/STOL airplane in a gust environment from the Wiener optimum 
regulator outlined above. These include 

(1) The aircraft transfer function and the gust input 
spectra may be time-varying as the aircraft -decelerates 
through transition. 

(2) The aircraft may be unstable. 

(5) The aircraft dynamics may contain nonlinearities. 

(4) More than one noise may be applied (e.g., horizontal 
and vertical gust components) . 

(5) The aircraft has several degrees of freedom and two or 
more lateral and longitudinal controls. 



As will be shown below, none of these features invalidates the 
vise of Wiener theory, though some mathematical complications may arise. 

Wonstationary inputs and aircraft dynamics. - Nonstationary 
inputs can be handled by an extension of Wiener's theory due to Kalman 
(Reference 34). For the stationary case, with constant airplane 
dynamics, the Kalman optimal system is equivalent to the Wiener system. 
Here, we shall consider stationary conditions only, assuming that the 
gust spectra are not functions of time. Furthermore, the " frozen- point" 
representations of aircraft dynamics will be employed. To justify 
these assumptions, note that 

(1) The forms of gust spectrum commonly used have frequency 
characteristics which depend on the ratio of h /V. Thus, 

O 

as height and speed are lost during an approach, the 
frequency characteristics of the spectrum remain approxi- 
mately constant. 

(2) The frozen- point (constant coefficient) approximation to 
time-varying airplane dynamics is valid provided the 
deceleration is small. For v/STOL aircraft, the combined 
descent plus deceleration capability is limited to small 
values by limits on drag, since, from Eq. (l) 

H - g sin (-7) - g cos(-y ) (60) 

Typically, for v/STOL approach conditions, (d/l) =0.25 

max 

Thus, particularly for descending flight, the available deceleration 
is small, and it is legitimate to use the frozen-point approximation. 
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Instability of the aircraft. - At low speeds most v/STOL 
aircraft are unstable without stability augmentation. To apply Wiener 
theory to either a human or an automatic controller, one must assume 
that the controller is capable of stabilizing the aircraft. Note however, 
that although the controller stabilizes the aircraft, it may also 
degrade the performance of the overall, system through the introduction 
of nonminimum phase effects or transportation lags in the controller. 

Nonlinearities , - For stationary Gaussian inputs, the Wiener 
system gives a closer approximation to the desired response than any 
other system, linear or nonlinear* Therefore, no advantage is gained 
by deliberately introducing nonlinearities. Linear representation of 
the basic airframe dynamics is standard practice for v/STOL aircraft, 
though it can only be strictly justified by appealing to test data on 
the specific configuration under consideration. An examination of the 
validity of linear representation for the Vertol VZ-2 tilt- wing 
aircraft and the Doak VZ-4 tilt-duct aircraft is given in Reference 7* 

For the CL-84 and X-22A considered here, the flight test correlations 
presented in Chapter TV indicate that the linear representations are of 
adequate accuracy for small perturbations. 

Different points of application of signal and noise. - The 
system block diagram used in Figure J2 was intentionally simple, in 
order to present the Wiener formulas clearly. "Real-life" flight 
control systems require more complicated block diagrams, but the Wiener 
formulas can still be applied, after performing suitable block diagram 
algebra. In many instances, this has already been done in the literature 
(e.g. , Reference 2). With such manipulations one could consider 
internal system noise, such as human pilot remnant, in addition to 
u-gusts and w-gusts. 

-* 


For a proof of this, see Reference 35 . 



Multiloop control. - Historically, 'Wiener optimization has been 
used for single-loop control, with Kalman optimization reserved for 
multi- loop situations. The two approaches are compared in Reference 38, 
where it is shown that the Kalman and Wiener systems -are identical for 
stationary inputs. Whitbeck (Reference 37) has shown that the Wiener 
formulation can readily be extended to the multiloop case. This 
approach is attractive for our purposes, since it uses aircraft transfer 
functions rather than the state-variable equations required by the Kalman 
formulation hence, nonminimum phase effects can be more readily detected. 


Optimal Control of the CL- 84 


This section presents calculations of the minimum achievable 
mean square height error of the CL- 84 perforating a steep approach under 
gusty conditions. The purpose of these calculations is: 

(1) to demonstrate the application of the Wiener optimal 
regulator theory to a practical situation 

(2) to determine the best performance obtainable with single- 
axis control 

(3) to explore possible improvements through multiloop control 


The assumed gust spectrum consists of u and w components, un- 
correlated with each other, each having a power spectrum of the form 
suggested in Reference 39, slightly modified to remove steady- state gust 
components. 


$ w w 
g g 


(w g ) 2 ^ ( (.ico)(- t ja)) 

+ a^)(-ja> + %T ) + .001)(-ja) +.001) 


(61) 


where 



is the mean square gust intensity 


is the gust break frequency in rad/sec. 
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The choice of w is arbitrary here, since the mean square height error, 
S ' "2* 

h , will be normalized by division by w . The gust break frequency 
e S 2 

co will be varied parametrically to show the effect of ca on h . Note, 
b D e 

however, that Reference 39 suggests that 00 ^ = (3/2) (V^Ag) where h g is 

the altitude. . This relationship is graphed in Figure 33 to illustrate 

the tendency for to remain relatively constant during the approach, 

as speed and height are both lost. 


Initially, choose a r.m.s. gust intensity of 3.0 fps, V ' = 42 

knots, and a gust break frequency of 0.204 rad/sec, which corresponds 
to an altitude of approximately 500 feet. The CL-84 gust response 
transfer function at 42 knots ‘and "96'0~fpm^i , ate of descent, with S.A.S. 
off, is 


h e = -.202 (s + .0963 + .70l4j) (s + .6731) 

w s (s + .0177 + . 244j) (s + .504 + .9407 j) 

g 


(62) 


The transfer function relating height error to collective pitch 
is tabulated in Appendix A as 



-112.0 (s - .0916) (s + .477 1 1 .03 p ) 
s (s + .0177 + .244o) (s + .504 + .9407o) 


( 63 ) 
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100 200 300 

MEAN AIRSPEED f.p.s . 


Figure 33 . - Gust Spectrum Break Frequency as a Function 
of Airspeed and Altitude 



Figure 3^» - Graphical Representation of Evaluation 
of Right -Half Plane Residue 
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Substituting in Eq. (57) > 


Q $ + 

/ J<P + . 

.0916 \ 

/ 5 V .408 \ 

( 1 - ) 


- 

.0916 J 

l jco + .204 J 

y jco + #001 J 


(-.202) (jco + .0965 ± . 7014 J) (.I 00 + .6751) 
(joj + .0177 + . 244 j ) (jcio + .504 + .9^07j) 


( 64 ) 



It is instructive to evaluate Eq. (65) graphically by drawing vectors 
from each pole and zero to the Q zero, as shown in Figure 5 4 . This 
indicates the relative contribution of each pole and zero to the total 
response. 


r_Q_ + ] = (.585) (.724) 2 (.768) (.183) = 11.8 

nn J_ ( .0926) ( .27)^ (1 . 1 1 ) 2 ( .2956) (jco _ .0916) (dco - .0916) 

( 66 ) 

The mean square height error is evaluated either from the integral 
tables of Reference 55 , or by calculating the sum of the left- half-plane 
residues of the height error spectrum. 

* = ( 1 1 ; 8 ) 2 _ ( 1 1 « 8 ) 2 / ( 2 ) (. 0916 ) 

h g h e (jcu - .0916) (-ou> - .0916) + .0916 

( 11 . 8 ) 2 /( 2 ) ( . 091 . 6 ) 

-J'oo + .091b 


(67) 
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( 68 ) 


h 


(n.8) 2 /(2)(.09i6) =768 ft 2 


The above optimum response calculation has been reworked for a 
range of gust break frequencies, keeping the same r.m. s. gust amplitude, 
3.0 fps, and the results are shown in Figure 35* This figure shows that 
for the expected range of gust break frequencies, the r.m.s. height error 
cannot be reduced much below 25 feet. Thus, even the optimal control is 
relatively ineffective, because of the nonminimum phase aircraft transfer 
function. 

It is instructive to compare the optimum gust response with 
that of the uncontrolled aircraft. The latter can be calculated from 
Equations 61 and 62, and is also graphed in Figure 35 • Because of the 
large low frequency component of the gust spectrum, the height error 
response is very large. It would be infinite, if the spectrum did not 
include the terms enclosed in j j in Equation (61). Thus, comparison of 
the height error responses of the optimum and uncontrolled systems is not 
too meaningful. It is better to compare the corresponding r.m.s. values 
of dh e /dt, the height error rate . This is done in the lower half of 
Figure 35* Note that (dh /dt) for the optimum system is typically 

G 1C • Cl# S • 

about 40 percent of the control- fixed (dh /dt) This percentage 

shows that only limited improvement in the gust response is possible 
through the use of collective pitch alone. 

It is of interest to compare the effects of u-gusts with the 
w-gust effects calculated above. The transfer function relating height- 
error to u-gusts for the CL-84 at 42 knots and 960 f.p.m. descent is: 


h e = -.2439 (s + .2927 ± . 7577.1) 

u g (s + .0177 + • 244 j ) (s + .504 hT I 9 WU 


( 69 ) 




w b rad /sec 


NOTE: r.ms GUST AMPLITUDE = 3.0 fps FOR ALL BREAK FREQUENCIES 



Figure 35 . Effect of Gust Break Frequency on Minimum 
Achievable Gust Response with Optimum 
Single-Loop Control 
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With zero feedback, and a u-gust spectrum identical to the w-gust 
spectrum, the r.m.s. height error is 15*2 feet, as compared with 211.0 
feet due to w-gusts of the same 3*0 fps r.m.s. intensity. With optimal 
feedback the r.m.s. height error reduces to 5*4 feet. These n umb ers 
apply for a gust break frequency of 0.204 rad/sec. With this break 
frequency the aircraft, therefore, responds less to u-gusts than w-gusts. 

Alternative control techniques. - The height error levels 
indicated above may be unacceptable for approaches in a gusty 
environment, i.e., large r.m.s. values of u-gust and w-gusts. Hence, 
consideration must be given to alternative methods of control. Two 
possible alternatives are 

(1) control of height error through feedbacks to pitch 
attitude control 

(2) multi loop feedbacks involving pitch attitude and collective 
propeller pitch control. 

The first alternative appears unattractive because of the 
presence of some badly placed right-half- plane zeros in the h/8 g 
transfer function. These zeros are present even in level flight, 
because the aircraft is flying below its minimum drag speed. 

For example, at 42 knots in level flight, from Appendix A 

h e = 7.28 (s -0,219) ( s - 2.23) (s + 3.12) , . 

8 e s ( s + .0122 + .2170) (s + .525 + .936 j) WU ' 

The zero at 0.219 rad/sec is virtually coincident with the assumed gust 
break frequency at 0.204 rad/sec. As shown in Figures 31 and 35 this 
represents the worst possible situation. 

Turning^ to multiloop control, one. would expect that, since the 
excessive height error stems from the right- half- plane zero in the 


h /© tr an sfer function, it would be advantageous to use a S.A.S. 
e' o 

feedback to pitch attitude control that would remove this zero. This 
can be done with the CL-84 S.A.S. system, which incorporates both 
attitude and rate feedback to the pitch attitude control (which is 
comprised of elevator and horizontal tail propeller collective pitch) . 
At 42 knots and 960 fpm descent, the height error/collective transfer 
function with S.A.S. on is: 

h e = -112.0 (s + .09) (s + 1.37 ± .802.1) (71) 

e Q s ( s + .095 ± • 200 j ) (s + 1.35 + .73^o) 

Since this is minimum phase it might appear that the height 
error of the optimum system would be zero. In practice, this is not 
so, since some allowance must be made for sensor and actuator lags, 
plus the time delay of the human pilot, if he is in the loop. For 
example, adding a 'system 1 delay of 0.5 seconds, would require the 
above transfer function to be multiplied by the Pade approximation 
(6.67 - s) (6.67 + s) . This would induce appreciable height error for 
high frequency gust inputs (e.g., self- induced turbulence due to 
buffeting) . However the system performance will be improved over the 
single-loop case. 

Gust Models . - In this chapter, atmospheric turbulence has been 
assumed to be stationary and random. The theory developed here shows 
that the minimum achievable error in following the desired flight path 
depends as much upon the turbulence spectrum as upon the dynamic 
characteristics of the aircraft. This indicates the importance of 
obtaining an accurate model of low altitude turbulence . Data are 
also needed on self-induced turbulence, due to buffeting, which may 
be significant in steep descents, and on vortices trailing from nearby 
aircraft . 
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The situation regarding available low altitude turbulence data and 
analytic models is far from satisfactory. The power spectrum in this 
report is taken from Reference 3k, and dates back to the early 1960's. It 
was hoped to use a more up-to-date representation of atmospheric 
turbulence including nonstationary effects. However , the review of 
recent low altitude turbulence data given in Reference T indicates a 
dearth of reliable experimental data to substantiate more sophisticated 
models. Until more data are gathered it seems advisable to use one of 
the older analytic representations of turbulence, such as that of Reference 
3k, varying the break frequency parametrically to cover a reasonable range 
of atmospheric conditions. Random wind-shears can be approximated by 
allowing the break frequency to become small. 

Optimal Control of the X-22A Tilt-Duct Aircraft 

As has been demonstrated for the CL- 84, optimal control theory 
can be used to pinpoint flight conditions which will pose difficulties 
for human or automatic control. A right- half- plane zero of similar 
magnitude to the gust input break frequency, or close to the frequency 
or inverse time constant of one of the aircraft's characteristic modes, 
causes an increase in the mean square deviation from the desired flight 
path. The corollary follows that nonminimum phase zeros that are 
distant from these critical regions are innocuous. This is well 
exemplified by the Bell X-22A. The calculated longitudinal and lateral 
transfer functions are remarkably free of critically located right- 
half-plane zeros. 

For example, at an airspeed of 67.5 fps and a descent angle 
of 7.1 degrees, the transfer function relating lateral stick deflection 
to lateral deviation from the unperturbed flight path is: 

y _ -2.626 (s + .153) (s + 1 .91 5) (s - 29.09) 

5 s (s + .167 ± .659 j) (s + 1.916) (s + 4.518) 


(72) 
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Although this contains a right-half-plane zero, it is located well 
beyond the break frequency of any plausible atmospheric turbulence. 

From this consideration one would predict that the X-22A would, be 
capable of accurate lateral tracking, despite the high gust sensitivity 
due to its large Y • This is con finned by the pilot comments reported 
in Reference 15- 

The reason for the general absence of right- half- plane zeros 
appears to be connected with the "pure moment" controls used on the 
X-22A. Because it is supported by four ducts symmetrically located 
about the c.g., moments can be generated without associated net forces. 
For example the X-22A. can be pitched-up without requiring a net down- 
load acting on the tail of the aircraft. Thus there is no 'wrong- way' 
response in controlling height error with longitudinal stick deflection. 

Implications of Optimal Control Theory 
for Other v/STOL Configurations 

It has been shown in Reference 40, that aircraft with aft- 
mounted elevators, flying below the minimum drag speed must have a 
he ight/e levator transfer function with two right-half- plane zeros. 

One zero is of relatively high frequency and does not cause difficulties 
of control. The other is of low frequency and may be in a critical 
region, as discussed previously. For v/STOL aircraft it is usual, 
therefore, to control height by thrust. If the thrust line acts 
above the c.g., a nose-down pitching moment will occur which may cause 
a response which ultimately goes in the wrong direction. The CL- 84 
demonstrates this, as described. This also occurs on the B^eguet 94 1 
when the "transparency 11 method of flight path control is used, 
whereby the pitch of the outer propellers is decreased to steepen the 
flight path. The flight tests described in Reference 15 show that, for 
a few seconds after application of transparency, the flight path angle 
of the Breguet 94 1 becomes less steep. 



Other nonminiroum phase effects have been noted in Reference 1 on 
single-* rotor helicopters, and certain of these effects may also he 
applicable to tilt-wing configurations. Where these effects exist, 
application of the optimal control theory described here will be 
useful in determining the maximum accuracy obtainable in following a 
given nominal flight path. 



CHAPTER VI 


CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 

1. The possible terminal flight paths of most types of v/STOL 
aircraft are limited by the aircraft's inability to generate the steady 
aerodynamic forces required for low- speed deceleration and steep descent. 
Increased drag/lift ratio, without sacrifice of low-speed lifting 
capability, is required to overcome this limitation. 

2. Stability derivatives, and maximum drag/lift ratios for tilt- 
wing and deflected slipstream aircraft can be predicted if the full- 
scale power-off characteristics are known. A new method for predicting 
the maximum drag/lift ratio of general slipstreamed-wing aircraft con- 
figurations is presented in this report. The method uses momentum 
theory, plus power-off data. The method has been applied to the XC-142A 
tilt-wing aircraft, and gives results which are in reasonable agreement 
with measured descent boundaries. 

3* Descent angle has only a small effect on most of the transfer 

functions of typical tilt-wing and tilt-duct aircraft, as exenplified 
by the CL-84 and X-22A. However, there is an important exception to 
this generalization for the tilt-wing aircraft, relating to control of 
flight path angle by thrust, at low speeds. For steep descents, a 
right-half -plane zero appears in this transfer function. This causes 
the response to move in the wrong direction, after a few seconds. This 
phenomenon is believed to be a major cause of the difficulty encountered 
in controlling tilt-wing aircraft to fly steep approaches. The zero can 
be moved back into the left-half -plane by feeding back pitch rate and 
pitch angle to the pitch control. 



4. The accuracy with which an aircraft can follow a given steep 
approach path is seriously degraded when the above right-half -plane zero 
is located near the break frequency of the input gust spectrum. This 

is demonstrated in this report by calculating the gust response 
characteristics of the CL-84 in a steep approach at 42 knots airspeed, using 
thrust control only. For this condition the aircraft is stable, even 
with the stability augmenter system switched off. It is shown that even 
with the optimal feedback, the r.m.s. velocity normal to the desired flight 
path can be reduced only to approximately 40 percent of its value 
with controls fixed. The effect can be partially removed by stability 
augmentation using pitch attitude as well as pitch rate feedbacks. 

5 . A simple formula has been derived for calculating the minimum 
achievable gust response of a given configuration. This formula gives 
the r.m.s. . deviation from the desired flight path in terms of gust 
descriptors and parameters relating to lags in the control system and 
right-half -plane zeros in the aircraft transfer function. 

6 . The limitations described in this report may seriously restrict 
the usefulness of certain V/STOL configurations in operating in wind- 
shears and gusts. Therefore, such limitations should be considered in 
assessing the performance of V/STOL terminal guidance systems. 

Recommendat ions 

1 . The results derived in this report have been obtained by con- 

sidering a limited number of specific aircraft. It is believed 
that the results are generally applicable to the appropriate configura- 
tions, but further work is required to determine whether the results are 
typical. 
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The method for calculating the descent boundaries of slipstreamed- 
wing configurations should be extended to provide a parametric study of 
the effect of configuration geometric parameters on descent/deceleration 
capability. The possible improvement in maximum drag/lift ratio obtain- 
able through the use of stall-delaying devices such as drooped leading 
edges, blown flaps, etc., should be assessed. 

3- The path- following accuracy obtainable with various practical 

feedback systems should be studied, using transfer functions specifically 
calculated for steep descents, plus a representative variety of gust 
spectra. Investigations should be made of the feasibility of approaching 
the optimum path- following accuracy, and handling qualities should be 
predicted, using analytic models of the human pilot. 

4 . The objectionable right-half -plane zero which occurs in the 
example tilt-wing aircraft in steep descents should be traced to the 
geometric and aerodynamic parameters from which it originates. The 
feasibility of removing this zero through configuration modifications 
should be explored. 

5. Analytic methods of predicting descent boundaries of ducted-fan 
configurations in terms of power-off characteristics should be developed. 
This would facilitate rational design to obtain the best possible 
descent characteristics. 
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APPENDIX A 

CL-84 TRANSFER FUNCTIONS AND DERIVATIVES 
Introduction 

This Appendix presents calculated stability derivatives and 
transfer functions for the CL-84. The flight conditions considered 
are listed in Table 7 of the main text. Transfer functions are pre- 
sented for all these flight conditions . For brevity, derivatives are 
given only for flight conditions 1, 6, 9? 13 j and 15 . The main text 
also presents dimensional data on the CL-84 and explains the pro- 
cedure used to calculate the derivatives. For further details of 
the procedure, see the description of the MOSTAB program in Reference 
1. The MOSTAB program was used to calculate the derivatives. 

Note that the derivatives presented here are referred to 
stability axes. The hover condition is approximated by level flight 
at 1.0 fps. The effect of the stability augmenter system is repre- 
sented by appropriate changes in the derivatives. The printout of 
derivatives contains some superfluous information (e .g. , Mach number) 
which is arbitrarily set to zero, without affecting the accuracy of 
the calculated derivatives. The "primed" derivatives, listed in the 
printout of lateral derivatives are derivatives which have been com- 
bined so as to remove the product of inertia from explicit appearance 
in the equations of motion (see Reference 40). Thus, the general 
primed rolling derivative is 

L. ' = L. + (I /I ) N. / [~1 - (I f/ll ] 
i i ' xz' x i / L v xz ' x z J 

and the general primed yawing derivative is 

N i' - N i + <L. A.> h/ t 1 - (l/ /vJ 


U9 



The blending of the control surfaces on the CL-84 has been 
taken into account in calculating the control derivatives. These 
are referred to the stick and rudder pedals, not to the individual 


control surfaces. 
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CL-84 LONGITUDINAL TRANSFER FUNCTION DENOMINATORS 
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TABLE A. 2. 

cl-84 pitch/stick DEFLECTION TRANSFER FUNCTION NUMERATOR 
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TABLE A. 3. 

CL-84u /stick DEFLECTION TRANSFER FUNCTION NUMERATOR 
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TABLE A. 4. 

CL-84 HEIGHT ERROR/STICK DEFLECTION TRANSFER FUNCTION NUMERATOR 
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TABLE A. 6. 

CL- 84 HEIGHT ERROR/COLLECTIVE TRANSFER FUNCTION NUMERATOR 
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TABLE A. 7* 

CL-84 LATERAL TRANSFER FUNCTION DENOMINATORS 
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TABLE A. 8. 

cl-84 bank/lateral stick deflection transfer function numerator 
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cl-84 lateral ground velocity/pedal deflection transfer function numerator 
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1800. 85 -5.39 -.086 + 4.133- -1.14 2.42 -5.39 -3.79 













































TABLE A. IQ. 

CL-84 LATERAL GROUND VELOCITY /LATERAL STICK DELFECTIOK TRANSFER FUNCTION FJMERATOR 
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I 

N ST 

A 

.-■■i 

3ILITY AXES. U= .1000+01 



. ixx= 

. 2 C-> 

9 + 05 IZ7 

= ,3351+05 1X7=-. 

9Q41+04 




Table A. 14 


1 


K U ; ''i iN 0 i 

Canada IK cl- 4 4 hover SaS off 


Stability Derivatives 



D 1 MENS IONA 

L Ofc R I 

VaTIVFS TIMES 1NER 

T ! A 



UNITS A«E 

1 pffp 

radi am 




(STABILITY 

AX PS ) 




DYDV . = 

- . ft 4 7 1 +11 

D u C V ~ 

-.5440+02 DNDV 

r 

.1903+02 

DYDP = 

- . 5 364 + q 2 

Du OF ~ 

- .3973+04 . DROP 

= 

.3125+03 

DYHR - 

. 2441-00 

i>UDF • 

-.1-303+04 DM DP 

r 

-.7769+04 

DYDVD = 

-.03DD D 

i.uVf = 

- .0000 ONOVQ 

r 

-,0000 

DYDPD = 

-.0000 o 

Li-’PD - 

- ,0000 DNDPD 

- 

- ,0000 

DYOKD = 

— • j j u u n 

LuRr. 5 

. 0 j 0 G OMDRD 

z 

.0000 

dyda = 

- . 2773+01 

OLD A s 

.1900+06 DMOA 

z 

. 1122+05 

DYDR = 

. 1590-00 

DlDL: = 

* . 1.353 + 04 QNjDR 

z 

,6294+05 

{ * « 

. xocc+oi 

IJ i. ~ 

.0000 GAMA 

z 

,1913+01 

MACH “ 

* 0 0 j u 

PNG = 

1 > X A f; - n 7 q 

z 

,2333+03 

MAC 1 

7 n r* + n i 

* * >J L.‘ Ij T -i J., 

1 X Z - 

- . 9 0 4 1 + 04 j y 

z 

,2220+05 

MT = 

- . 0 3 0 0 

X 5 = 

- , 0 300 T L) T 

z 

-.00 0 0 

LX = 

* (j 3 ; j 0 

LY = 

-.0000 iz 

z 

- .ocoo 

CL - 

* L. L* 

CL = 

.0000 V 

z 

.1120+05 

IX = 

♦ 20H9+05 

17. = 

.3551+05 G 

z 

.3220+02 

SPAN = 

.3330+02 






0 i -1ELSI Qua 

_ STAB 

I L I T V DERIVATIVES;' 

’F.R 

RADIAN; 


STAB! 

LI TV A 

' c. o 



YV = 

-.23/9-0 1 

LV = 

-.2604-02 MV 

r 

,5679-03 

YP = 

- . 1642-00 

LL = 

-.2862-00 MP 

r 

.9326-02 

Y fy * 

. 7 018-03 

LL = 

-.8631-01 MR 

= 

- ,2324-00 

Y V D 2 

. o n n q 

LVL = 

,00*30 NVD 

= 

. 0000 

YPD = 

. 0000 

L P ( - 

. 00 Du MFD 

= 

, 000 c 

Y R n s 

. noon 

u R i. r 

.nr? 00 k'ro 

z 

,0D0D 

YA - 

-.7972-02 

La = 

. 4 '7 ft 7 + i,; 1 ,\! A 

z 

. 3348-00 

YOR = 

. 4594-03 

Li '< = 

- . 7434-01 N Pf 

z 

.1580+01 


* D I ME LSI ON Ai 

PL HI' 

:/ A T I V E S > PRIMED 



Y V - 

- ,2»79-01 

LV = 

-.3227-02 MV 

z 

, 1629-02 

YP s 

- . 1542-00 

LP ■= 

-.32 a 6 - n 0 i-p 

z 

. 1109+00 

YR". - 

.7016-03 

IP = 

.3,616-01 m 

z 

- ,2681-00 

YVD - 

• 0000 

LVL - 

• OOnn v\/o 

z 

. 0000 

y p n - 

.0000 

LPr, = 

.0000 MPD 

z 

,0000 

YRD = 

. 0 n 0 0 

LRD = 

.000? MR D 

z 

, 0000 

Y A . = 

-.7972-02 

LA = 

. ,5256+01 WA 

z 

- , 1226 + 01 

Yr;R = 

. 4594-03 

Li.-L - 

-.6 3ft 3-00 NDF 

K = 

,2051+01 

I N 

stability a>: 

: s » L r 

, 100 0 + 01 




* IXX= . 2Q99 + 03 122= .3351+05 \ YJ = - , 9Q41+C4 


13^ 



Table A. 15 



! ?UN VO. 6 






C L N n 

1/.1H CL 

- 4 4 2 

. KMO 

Tv LEVEL PLIGHT 

S A 5 

ON 


- 



I t 

PUT BA 

Y -V 

Stability 

Deri vat ives 




;L * 

I TS AR 

K i 

. 1 < H -- 0 I A K ; 







1) j 

mens 10 

UAL 

oriRiv.ATivrs ti-ies 

I UER 

T I A 





( $ 

T4BILI 

1Y AX.uS) 








7 7 5 - + 0 

'? }Z 

’•) » * -, ? 3 2 

DMJ!) 

= 

- 


1051+03 

n v ...i 
•f A ' -i 

t 

4 726 + 0 

•1 07 

H ■ M ' .L . =./ '■* 

OB ) •/ 

r 

- 


?.b 3 4 + 03 

n x 1 ;i 


tjYi i.+o 

i m 

w» - . 1.603 + 04 


s 

- 


5555+05 

DXQU'I 

* * • 

onus 

r*. y - ‘\ 

_n s -,nnm o 


s 

- 


q n n n 

D'<0 1") 

** * 

0 ’.1 0 0 

' ;■ 3 0 

= -,O0 GO 0 

MO v r ) 

r 

" - 


00 00 

d xo n 

— * 

oo no 

• > 30 

M - .nono o 

mo on 

r 



no no 

: :v < )*? 

♦ 

3 :> 75 + 3 

.5 BZ 

Ov * .2531+04 

r jM.)E 

r 



fy 4- j 3 

VOT 


i96 0 +0 

> 1)7 

)T = --.5750 + 05 

0 M .) f 

= 



•1 814 + o 3 

J 

- 

70 71 + 0 

> ■ 

J? r M3 5 $+01 

G A A A 

r 

- 


.509 7-03 

•1 A C 4 


6 3 3 6 - 0 

1 

'i ‘.1 = . 3 : M - Q 2 

• > 

z 



2335+03 

MM 


7000+0 

L I 

<1 - -.A-450 + 04- 

\y 

- 



:?1 20 + 03 

nr 


[) 30 n 


< ! s -,0003 

TOT 

- 

- 


On 00 

< 

3 - , 

0000 



... 7 


- 


n o o 0 

Ql 


oo on 


L J 3 ‘J 

v 

s 



1 1 2 0 + 0 5 

lx 


1*37+0 

s 

1 y s 3 3 o 3 4« n 5 


= 



322:0 + 02 


•* D! 

N£NS ! 3 

UAL . 

ST 48 U I T y DPS I VAT! 

V E S # 

Pi 

~v rt 

A 

[.) T A Nj , 



<■; T f. 

SI L I 

f V A V £* Q 
1 T • A C O 






'X ! / 

s ' 

2230-0 

j 

7 ! • r - f ‘9 3 9 - Q 0 

vr : 

z 

- 


4951-0? 

X w 


1359- *5 

1 


t 

2 = 

- 


1232-01 

V r'l 
A *v 


$ n b 2 ~ 0 


■Z 0 ~ * * 4 c ? 9 + 0 1 

fvi :'?) 

r 

- 


2 6 ? 0 + 0 l 

x i o 

r , 

n h 0 r \ 

. •> 

•jv = , n q ' ! o 

;»/ ; IP, 
; . U 

r‘ 



0 0 ' • Q 

X lf!r j 


n o n i 

7. 

: - n n * • ' » 

iv: y j' * 

r 



on no 

x G 0 

r ♦ 

C 0 o n 

7. 

• 0 ? ’- = f' : .**; 0 

r") 

.= 



0 0 0 0 

y B 

z 

■102B + 0 

j 

7v = 7 7 + 01 

MB 

r 



3 258 + 0 1 

> T 

M p 

6 4 5 + r; 

<v 

zt = ; 

W\ T 

- 



19TJi + 0i 


r 

i ■ 

STAB I 

j ] TV 

'axes, M = • .71 

Q f •*+ 3 

2 A 

WO 

\>i 

= 0,0 



t v 

= 

• 2 !? X 0 4 ' 3 A ; : L- /. I 

x 2 ~ 



A 

450+04 


135 



j 


Table A.l6 


j CANADA IF- 

ll 

Ct~M 4 2.KN 

OTS 

L>- 

v-l. FLIGHT SAS u 

FF 


i 

» jj 


I .'PUT DAT A 



Stability Derivatives 


i 


j j I TS A«E 3 

M f : :■ 

7 A 

D J A' 4 * 



j 


0! HENS I ON* At 

r- r p 

I V' ‘ 

TIVES TlHES INERT 

I A 


* i 


(STABILITY 

AXES 

) 




'1 DX'L 

- 

-,775*+02 C 

Z. ’ ,* 

5 

-,8309+C? 0 M DU 

= 

. 1051+03 

OX ! 'X 


.4726+01 D 

7 

X 

- . W1+C2 ONL’ ’ 

z ~ 

. 2634+03 

V 1 s * 

L/ A -• O 

5 

-.922?*+ 02 C 


rr 

*• P K f> K -S" P ^ j“T >1 ! T ,S ‘ 

» t. • — - ll »-* * 

z — 

. 1257+05 

i DXCJD 

sr 

- , o o oo p a 

; . 2 s 

r 

” , 0000 OhOUD 

z — 

. GOOD 

j DXD -T 


-.0000 ol 

• ** k 

r 

r» f- .*> p r\ f- u s p . - 

s - 

. 0000 

j dxd-c 

z 

_ n n n n rs 7 

* 'it' -•• ' i-.' £ 

r*’ ^ 

= 

.,0000 dhdqr 

r 

. GOOD 

1 OX^E 

T 

.3375+03 D 

2 n r 


..2531 + C+ QNDE 

5 

. 6865+0? 

j DX”'T 

z 

. 1260+CS D 

Z r 'T 

- 

3750*03 DNDT 

= 

.4214+05 

» i U 

m 

** 

,7071+02 

L 7 

5 

,635fc+01 SANA 

s 

. 3097-03 

| MACH 

r 

, 6356-Q 1 


5? 

* S3 S0~0? S 

s 

. 2333+03 

j IX A C 


, 7000+01 

IV 7 

s 

4 4 50 *C 5 J Y 

s 

.2120+05 

1 •" j 

2 

- . 0000 

V T 

s 

- , H 0 0 0 TOT 

r. 

. onoo 

.1 L x 

r 

- . sc uo 

L V 


-.scon i,7 

z ■ — 

. 0*^00 

| CL 

s 

» OC09 

C f "; 

- 

..OCOO ! ‘ f 

s 

. 1120 + 0-5 

| !> 


. 1837+05 

I z 

r 

, 3 3 c 3 + H 3 0 

c 

. 3220+02 

■| 


0 1 mens I On At. 

S T z 

M{\. 

rry OEt i VATIVtS. 

PEK F- 

a D I A N , 

j. 


STAB II 

r TV 

i 1 T 

i\ x r: 




4 

j XU 

s 

- .2230-00 

7 : * 

rr 

- . 2389-00 NU 

r 

.4958-02 

*| . ■ xv 

r 

.1359-01 

a 

= 

-,?5«2-C0 tM 

r: 

.1242-01 

1 VQ 

z 

-.2653-00 

ZS 

z 

”, 2491-00 NO 

5 

.5929-00 

] xuo 

2 

. 0000 

Z ‘ J • 


,0000 NuD 

s 

.0000 

! xwd 

55 

.0000 

2 t r ) 

z 

,0000 MWf) 

r 

.0000 

*1 X' : -D 

C 

.0000 

ZQH 

z 

.0000 MOO 

r 

.0000 

j XD 

r 

.1026+01 

2D 

z 

,7277+01 MO 

5 

. 3238+01 

XT 

5? 

. 3645+02 

7 T 

z 

1078+03 NT 

Z 

.1988+01 


i IN STABILITY AXFSi’U s *7100+02 AMD W - 0*0 

I ZlY s ,2120+05 AND 2 1x2 » -,4450+04 

; 

:1 



t 


Table A. 17 


RUM NO. 


6 




CANADA IR Cl-84 42. KNOTS LEVEL FLIGHT SAS ON 


INPUT DATA Stability Derivatives 




DIMENSIONAL PERIVa 

TIVES TIMES 

INERTIA 




UNITS ARE 

1 PER Pa 

DUN 





(STABILITY AXES) 




DYDV 

s 

-.3142+02 

DLDV = 

2130+03 

pndv - 

,3480+03 

DYDP 

s 

-.7167+02 

DLDP - 

-.4044+05 

DNDP = 

5500+04 

dydr 

z 

.4145+03 

DLDR * 

-.2244+05 

DNDR = 

-,4473+05 

dydvd 


-.0000 

DLDVD * 

-.coon 

DNDVD = 

-.0000 

DYDPD 

s 

-.0000 

DLDPD s 

”.0000 

DNDPD = 

-.0000 

DYDRD 

»» 

-.0000 

DLDRD - 

,0000 

DNDRD = 

,0000 

DYDA 

5 

.5666-00 

DLDA s 

,5508+05 

DNDA = 

,5600+04 

DYDR 


-.3293+03 

DLDR = 

.4038+05 

DNDR = 

,5544+05 

U 

S 

.7071+02 

UZ = 

.6356+01 

GAMA = 

-,3097-03 

MACH 

z 

.6356-01 

RHO - 

.2300-02 

S s 

,2333+03 

MAC 


.7000+01 

IXZ - 

-.4450+04 

IY = 

,2120+05 

HT 

5 

-.0000 

XI = 

-.0000 

TDT = 

-.0000 

LX 

0* 

-.0000 

LY = 

-.0000 

LZ = 

-,0000 

CL 

m 

,0000 

CD = 

,0000 

V S 

,1120+05 

IX 

= 

,1837+05 

IZ = 

,3383+05 

G = 

,3220+02 

SPAN 


.3330+02 







DIMENSIONAL STABILITY DERIVATIVES * PER 

RADIAN* 



STABILITY AXE 

S 



YV 

AM 

-.9033-01 

LV - 

-.1164-01 

NV = 

,1029-01 

Yp 

mss 

-.2061-00 

LP = 

-.2201+01 

NP 5 

-,1626-00 

YR 


.1192+01 

LR = 

-.1222+01 

NR = 

-,1322+01 

YVD 


,0000 

LVD - 

.0000 

NVD = 

,0000 

YPD 

** 

.0000 

LPD - 

,0000 

NPD = 

,0000 

yrd 

's 

.0000 

LRD = 

.0000 

NRD = 

.,0000 

YA 

s 

.1629-02 

LA = 

,2998+01 

NA = 

,1655-00 

YDR 

; s 

-.9467-00 

LDR S 

.2198+01 

NOR- 

,1639+01 



dimensional derivatives* pri.med 


YV 

s 

-.9033-01 

LV - 

-.1460-01 

NV * 

,1261-01 

YP 

s 

-. 2061-00 

LP s 

-.2233+01 

NP * 

.1355-00 

YR 

- 

. 1192+01 

LR “ 

-.9309-00 

NR = 

-,1239+01 

YVD 

* 

.0000 

LVD = 

,0000 

NVD = 

,0000 

YPD 

*• 

.0000 

LPD s 

,0000 

NPD = 

,0000 

YRD 

55 

,0000 

LRD - 

,0000 

NRD = 

,0000 

YA 


. 1629-02 

LA = 

.3056+01 

NA = 

-,2442-00 

YDR 

- 

-. 9467-00 

LDR= 

.1860+01 

NDR* 

,1440+01 


IN STABILITY AXES* U- ,7100+02 
IXX= .1037+05 IZZ= . 3303+05 IXZ = - , 4450+04 


I 



Table A.l8 


RUM MO, 


6 


CANADA JR CL' 6 4 42. KNOTS LEVEL FLIGHT SaS OFF 
INPUT DATA • . Stability Derivatives 


D I MEN'S I OM'AL OCR I V AT I VKS T I MRS I N&RTlA 
UNITS ARE 1 PER RAO I AM 
(STABILITY AXES) 


. DY.DV: 

r 

-.3142+02 DLDV = ■ 

-.2138+03 

DNDV » 

,3480+03 

DYDP 


- . 7132 + 02 DLOP..S 

-.7379+04 

DNDP = ■ 

,5811+03 

DYDR, . 

z 

.4149+03 DLDP = . 

,3766+04 

DMDR =: 

-.1189+05 

DYDVD 

= 

-.0000- DLDVD = , 

-.0000 

DNDVD = 

• -,0000.. 

DYDPD 


. - .0000 -DLOPD-s 

-.0000 

•DNDPD = 

-,0000 ;• 

DYDRD, 

- 

-.0000,' DLDRD =■ ■ 

.GOOD 

DNDRD = • 

,0000 ■ 

DYDA- 

>Z 

.5666-00 DLDA = ' , 

,5508+05 

■ DNQ A = 

.5600+04 

DYDR 

= 

-.3293+03 DLOR = 

.4038+03 

DNiDR '■ = 

,5544+05 

' . U 

r 

• .7071+02 U2 r 

,6358+01 

GAMA = • 

-.3097-03 

MACH 

z 

.6356 — 01 R H 0 - 

,2380-02 

. - ..S' = 

,2333+03 

'.MAC • 

z 

.7000 + 01 1X2 .=■ ' 

- ,4450. +.04 

.. IY = 

.2120+05 

HT 

= 

-.COOP,' XI-' s. 

-.0000 

tdt.-= 

-.0-000 

L,X 

•s- 

-.0000; LY' = 

-.0000 

lz =. 

-.0:000 

; cl 

z, ^ 

.0000 CD = 

.00-00' ' 

v- = 

,1120+05 

.. IX 

s 

. 1837 + 05 IZ' s • 

,3383+05 

•" - G. = 

,3220+02 

SPAM' 

= 

.3330+02 


• 




D I MENS I ONAL. STAB I L I T Y ■ DERI VAT IVES# PER 

RADIAN# 



STABILITY AXES 




• y-v; 

z- 

-.9-033-01 LV = 

-.1164-01 

' • MV = 

,1029-01 

• . YR, 

z 

-.2050-00 LP *■ 

-.4017-00 

• MP = 

.1718-01 

• YR 

, = 

.11*3+01 L R - s ■ 

.20.50-00 

, NR-'..s 

-,3515-00 

yvd 

s 

.0000 . LVD = 

-.0000 . 

MVD = - 

.0000' 

YPD 


. 0000 , ' LPD. = 

,0000 

NRO = 

,0000 

YRD ■ 

.s, ■ 

, oooo. lrd 

. QOOC 

NRD' • 

,0000 ’ 

YA- 


.1629-02 ’LA = 

. ,2998+01 

NA s 

,165.5-00 

YDR 

J s 

-. 9467-00- . LDR = 

.2198+01 

NOR- 

,1639+01 



DIMENSIONAL .DtrRIVA.T IVES’. PRIMED, 


• Y V 

= . 

-.9033-01 , LV. s 

-.1460-01 

... MV = 

,1261-01 

• YP 

s 

- . 2050.-00 ■ LP *■ ■ 

- ,41.92-00 

' MP s' 

• ,7470-01 

• YR. 

: = 

•1193+01 - LR =• 

■ .2997-00 

MR' - 

- , 4038-00 

YVD 

•= 

.0000 - LVD' = 

,0000 

MVD = 

,0000 ■ 

YPD 

,z- 

.0000: LPD = 

.0000:’ -. 

MPD' = 

,0000 

YRD 

z 

.0000 LRD e - 

• 0000" • 

NRD = 

,0000 

YA 

z 

.1629-02 ' LA = 

.3056+01 

N.A = . 

-,24 42.-00 

YDRr 

-.9467-00 LDR= 

.1860+01 

■ NDRs 

, 1440 + 01 


IN STABILITY AXES. Us ,7100+02 • 

»IXX= .,1837 + 05 IZZ= ,,3383+05 I XZ =- . 4 450 + 0 4 



SUM M 0 . 


9 


Table A . 19 

Canada i r cl+ 8 « 42. knots descent 16. ft/sec $as on 

INPUT ClTA Stability Derivatives 




UNITS ARE 

1 PER RA 

D I A 






0 I MENS I ON 

a L 0 E R I V a 

T I YES TINES 

INERTIA 




(STABILITY AXES) 





■ OX DU 

r 

-. 06 62+Q2 

DZfj'J = 

- . « 4 133 + 02 

DMDU 

z 

-.1057+03 

DXDW 

= 

,1132+02 

DZD a? = 

-.7,025 + 02 

DM DU 

z 

-.2730+03 

OXDO 

5 

- , 5375+03 

DZOS s 

-.1393+04 

DMDO 

s 

- . 5l 92+05 

OXCUD 

z 

- . 0000 

17.0110 = 

r .0000 

DMOUH 

s 

- . 0000 

DXOWQ 

z 

-.oqoo 

dzdwo .= 

OGOO 

OMDWD 

z 

-.0000 

OVDOD 

z 

-,0000 

i)70Q0 = 

.no oo 

D’MOQD 

z 

. 00 oo 

DXDE 

z 

. 7269+03 

DZQE = 

.2272+04 

dmoe 

z 

.6391+05 

oxor 

z 

,2633+04 

DZDT = 

-.3901+05 

0MQT 

z 

4 4 3 3 ^ + q 5 

U 

z 

,6754+02 

' U7- = 

.2190+02 

GAMA 

z 

- . 1302+02 

yaCh 

z 

, 6356-01 

RHO = 

, ? 3 S 0 - Q 2 

S 

z 

.2333+03 

MAC 

z 

, 7000+01 

IXZ = 

- . 7359+04 

IY 

= 

. 2120 + 05 

HT 

g 

- . 0300 

XI = 

- ,.3000 

TOT 

z 

-.0000 

LX 

5 

-. 00 0 J 

LY - 

- .0000 

LZ 

z 

- .ooco 

CL 

S 

,0300 

CD - 

.0000 


z 

.1120+03 

IX 

52 

, 2106+05 

tZ = 

.3114+05 

G 

= 

. 3220*02 



0 1 MENS I ON 

AL stab It 

jty derivatives, 

PER 

Radian. 



stability axe 

s 




xu 

r 

2490-00 

zu - 

- . ?4 39-00 

MU 

3 

- .3759-0? 

XV 

s 

. 3272-01 

Z >: r 

-. 2020-00 

N]ij 

r. 

- . 1268+01 

XQ 

- 

- , 15 45+ Ql 

io - 

- . 4005+01 

1 V ;Q 

z 

- .2449 + 01 

X;)D 

r 

.0000 

ZUD = 

.ocoo 

’•VijD 

= 

. 000 0 

X--'D 

s 

. 0033 

zwn = 

. no oo 

MWD 

z: 

.0000 

XOQ 

s 

. 0000 

ZQD = 

, 0000 . 

mqo 

s 

.0000 

XU 

z 

.2^90+31 

?D = 

. 6532+01 

*v; p. 

z 

. 3015 + 01 

XT 

z. 

. 7570+01 

ZT = 

- , 11? 2 + 0 3 

m 

z 

. 2162+01 


IN STABILITY AXES, U = .7100+0? AMO V s 0,0 

• ,t I Y = . 2 1 2 C + - b A-UD Hx2~ -,7359+04 



Table A. 20 MO. 


CANADA !R 

CL -8.4 42. KNOTS 

DESCENT 16 

, Fl/SE 

C SAS OFF 



INPUT DATA 

Stability Derivatives 



UNITS A He X PER PAD I AM 





dimensional peri va 

TIVES TIME 

3 tNERTlA 



( STABILITY AXES) 




DXDU 

2 

-.0662+02 DZDU = 

-.M43+02 

DM DU 

= -.1857+03 

0X0 Vi 

~ 

.U3S+02 inrjv. = 

7023+02 

nr-irjw 

= - .27 3 n + fj 3 

nxOQ 

* 

-.8872+02 0200 = 

-.7253+02 

DMDD 

= -.1257+05 

oxo UP 

5 

-.noon dzoud = 

nooo 

DHDUD 

= -.onon 

DXDWD 

= 

-.0000 OZDWO = 

6QOQ 

DnDwD 

r -.0000 

dxdqp 

- 

-.0000 OZOrp- * 

.f'OOO 

DflDQD 

= .noon 

oxde: 

. z 

.7269 + 03 DZ.DE s 

. 2272+04 

dhde 

= . 6 3 9 1 + 0 5 

DyOr 

z 

.2633+04 OZOT = 

- . 39f 1+C.5 

OMDT 

= .4584+05 

U 

s 

,6754+02 UZ = 

,2190+02 

LAMA 

= -.1302+02 

f 1 A C H 


,6356-01 RHO = 

.23LO-02 

s 

" = .2333+03 

!>: 4 C- 

= 

.7000+01 1X7 = 

-. 7359+04 

IY 

= . 2120+05 

WT 

- 

-.0000 X! = 

-.0000 

TDT 

= -.0000 

LX 

- 

-.0000 LY = 

-.nooo 

LZ 

= -.oooo 

CL 


.0000 CD = 

. 00 OQ 

\ t 

V: 

= . 1120+05 

IX 

5 

, 2106 +pS ! 1 = 

. 3114 + Q 5 

G 

= . 3220 + 0 ? 



D1 MENS ID?-. .A L STiBli.. 

I Ty DERIVATIVES, 

pf.r Radian, 



stability axf 

C; 



XL 

- 

-. 2490-00 7 U s 

-. 2439-00 

Mil 

- - . 8759-02 

^ w 


. 3272-01 ZV * 

7 C 70-00 

MV 

= -. 1788-01 

X£ 

- 

-.2551 -oc M = 

-. 2065-00 

MG 

= -. 5929-00 

XUG 

z 

.oooo zir 5 

.nero 

MUD 

= .0000 

X«C 

s 

.0000 2> 0 S 

.7000 

MWD 

= ,0000 

x?c 

- 

, CO 00 ZQD - 

n rt n f\ 

• ' V * 

UQD 

- .00 cn 

XD 


. 2090+01 ZD = 

. 6532+01 

|V. n 

- . 3015+01 

XT 


. 75 70 + 01 Z'T = 

+ . 1.172 + 03 

MT 

5 . 2162+01 


IN STABILITY AXES, U = ,7100+02 AMD W s 0,0 

ZlY = • 21 20 + 03 a^D = -,7359+04 



Table A. 21 


RUM NO. 


9 



CAM AO A [R CL -6 

4 

. u N 0 T S DESCENT 1' .FT/SEC SAS 0 


INPUT DAT* 


Stability Derivatives 



D I MENS I ON A 

L \J t. ^ I 

VaTI.VES t I ME 

S INF.PT I A 



UNITS APE 

1 PFK 

RAD I A? 




(stability 

AXES ) 




DYDV 

= - . 2933+02 

DLDV = 

-.12?; 9 + 03 

DNOV = 

,3533+03 

DYDP 

= .2778+02 

0 L 0 1 ~ 

- , 4X75+05 

DNQF* = 

,3901+04 

DYD3 

= •4395+03 

DLDF = 

- .2172+05 

DNpP = 

,3254+05 

DYDVD 

= - * C 0 0 0 [. 

Love = 

- ,oooo 

ONDVD ' = 

• 0 0 0 0 

DYDPD 

= -.0000 L 

i.opi: = 

- , 00 DO 

DNDPP = 

,0000 

dyqro 

S -.0000 [ LORf. = 

. oop n 

ONORp = 

,0000 

DYDA 

= .3943-00 

DL.OA s 

* ^ ■■ '3 ihs -- t +u3 

DNQa r 

, 7229+04 

DYOR 

= * , 3 fj 4 0 +03 

OLD?- - 

. 5211+05 

Dndf: = 

,3711+05 

u 

= .6754+02 

U 7 . ~ 

,2190+02 

GAMA = 

,1302*02 

MACH 

= .6356-01 

R H L. - — 

.23*0-02 

n = 

,2333+03 

HaC 

= ,7000+01 

1X7 = 

- , 733V + (:4 

r V r 

,2120+05 

HT 

= -.coco 

x; = 

- , oooo 

TOT = 

,0000 

LX 

= -.oooG 

LY = 

- , r- 0 1 ) i) 

17 s 

, 0000 

CL 

s •• 0 0 0 0 

CO = 

. oo 

[! z 

. 1120+05 

IX 

= .2106+05 

17 = 

. 311^*05 

f\ z 

,3220+02 

SPAN 

= . 3330+02 






r- 1 mens i on* 

L STAR 

1 1 1 T v pEP I \/A 

T I VES * PER RA 

0 I A ••! » 


S T A B 1 

LITY A 

y c . & 



YV 

= -.8432-01 

LV = 

-.6121-02 

MV = 

> .1263 -01 

YP 

= . 7907-01 

LI’ = 

*• . 2220+01 

MP = 

,1253-00 

YR 

* .1177+01 

U< 52 

- . 1 C 3 i + 0 1 

HR = 

,1045+01 

YV'D 

= .0000 

UVD ~ 

. oaoo 

wyn = 

,0000 

YPQ 

= .0000 

LPD = 

, ooog 

NPU = 

,0000 

YRD 

= .0000 

Lftli - 

.C-000 

MRU = 

,0000 

YA 

= .1X34-02 

LA = 

. el 34 7 + 01 

f\j -■ * 

,2321-00 

YOR 

= - . 6 763-00 

LDP* 

. 2474+01 

ND.R= 

.1192+01 


DIMENSIONAL DC. hi 

VaTIVKS. PR I 

MED 


YV 

= -.6432-01 

LV = 

- .1146^01 

NV = 

,1672-01 

YP 

= .7987-01 

Lf J = 

-.2372+01 

HP = 

,4744-00 

YR 

- .1177+01 

LR = 

. -.7262+00 

hr = 

.9520-00 

YVO 

* .0000 

LVD 3 

.0000 

M\/U = 

,oooo 

YP[5 

= .coco 

LPO = 

■ .0000 

HP!) = 

.0000 

YRD 

- .0000 

L Hu = 

.0000 

HR:.) = 

,0000 

YA 

- .1134-02 

LA - 

,2565+01 

NA ' - 

,99.11-00 

YDR 

= -.8763-00 

LDR- 

,2243+01 

NDR= 

,7212-00 

I 

N stability AX 

ES» U* 

,7100+02 



» IXX* 

.2106+05 177 

- + .>3-1 

4+05 | X 7 = - 

.7359+04 




Table A. 22 RUN NO, 9 


CAN A 

DA I R CL.-R4 42. 

knots op: see 

MT 16.FT/SF.C BAS OFF 

t 

N°UT DATA 

Stability Derivatives 

) 

l MENS I ON A1_ D£R IV 

A T I VPS TIMES 

I N £ R T J 


M 

NITS *RE 1 PER H 

au I AM 



\ 

STABILITY AXES) 




DVOV = 

.2Y,'3:i + Q2 DLDV = 

- , 1269+03 

DNDV - 

.3933+03 

nrop * 

.2309+02 Dl.D'P = 

-.7113+04 

dnqp - 

- .1094 + 04 

D Y 0 R = 

.4097 + 0,3 Dl DR = 

. 3044+04 

DM DP = 

-.1157+05 

DYDVQ = 

.0900 DLDVu = 

-.oooo 

DNDVD = 

-.oood 

DYQPD 5 

• 0U00 OLOPD 5 

- .oooo 

DNOPD = 

-.0000 

DYQRO = 

.0000 DLORO B 

.0000 

DNDRD = 

. 0000 

DYDA = 

.3743-00 DLO A * 

.3365+05 

0 MO A = 

- . 7229 + 04 

OYOR = 

.3040+03 DIOR * 

. 3211+03 

DMOP = 

, 3711 + 05 

u - 

.5754+02 UZ s 

. 21 7Q+0 2 

GAMA = 

-.1302+02 

MACH * 

.6356-01 HHQ s 

.2360-02 

r - 

,2333+03 ' 

MAC = 

.7000 + 01 1X7. - 

- . 7359+04 

IY = 

,2120+05 

M T = 

. y G 0 0 X I - 

- . 00 DC 

TOT = 

-.0000 

L X ' 

. CD 0 3 i_Y = 

- . : ,<000 

L I - 

-.0000 

CL = 

.Vl^r i~ry 

■ -- J - J - 

, 0900 

w -» 

.1120 + 0-5 

IX = 

.2100+05 I Z " 

. 3 1 1 4 + p 5 

S' — 

.3220+02 

SPAN = 

. 3 3 30 + 02 





[ MENS I ON A L STaF. I 

L IT Y bF.RIVAT 

i ves # ppp 

Radian, 

' 

ST ABILITY i X 

jV d 



YV = 

. S 4 32-01 i„V = 

- . 6 1 2 .1 - Q 2 

MV = 

,1263-01 

YP = 

.80 73-01 uP = 

- . 3330-00 

MP = 

-.3401-01 

YR = 

.1174+01 lR = 

. 1445-00 

:\R = 

-.3715-00 

YVD = 

.oooo LVD = 

. j o o n 

\l V [ ) = 

. 0000 

YPO = 

.CO DC LPO -■ 

.0 0(30 

NPO ” 

,0.000 

YRO = 

• 0 ; J 0 1* ^ .‘i *• 

. 0 0 0 0 

MRD = 

.,0000 

YA = 

.1134-02 LA -■ 

. 2347+01 

\i A = 

-.2321-00 

Y 0 R 5 

. o 7 a 3 - 0 Q |_ D R ~ 

. 24 74+01 

N0R = 

. 1192 + 01 


! MENS ! ON 4 l 0 £ R 1 V 

/‘FIVES, PRIM 

V “D 


YV = 

.34:52-01 L v = 

- . 1 1 4 o -01 

N V = 

, .1672-01 

YP = 

. SO 73-01 LP - 

- ,3497-CO 

[\iP s 

.5214-01 

■YR - 

.1175+01 LR = 

,2 591-00 

M:P = 

-.4820-00 

YVD = 

•0000 LVD = 

. 0000 

Mi/D - 

,0000 

YPQ = 

.0000 LP'O = 

* J w 

MPD = 

.0000 

YRO = 

.0000 lRQ - 

■*! r- n h 

MRQ a 

' , 0000 

YA - 

.1134-02 LA = 

. 2 S 6 3 + 0 1 

N A - 

- .9911-00 

ydr= 

.5763-00 LDR = 

7 2 . 2 4 3 + 0 1 


. 7212-00 

TN ST A 

MI LIT Y AXES* 'Us 

,71.0 0 + 02 



«IXX= .2196 

+05 127= .3114 

+05 1X7- - . 

7359*3 4 



142 



Table A. 23 RDM >«0. 13 


C/‘ N X 

3A!« 

CL 

-M PO.K 

HOTS 

LF. 

VEl flight sas . 

ON 




I: 

PVT DATA 



Stability Derivatives 



u ; -. : 

ITS ARf 

i PER 

R A 

D I A N 





0 ! 

HE hi $ I ON A 

L DPR 

I Mr, 

’) I v'FS I I NFS I HER 

TlA 




( ? 

Ta.SILI tv 

akfs 

) 




OxO u 

r 

# 

3755+02 

DZVV 

r ' 

13^ + 03 UDLU 

s 

.11.35 + 03 

n> r v 


♦ 

1. T ? 9 + 0 Z 

LZT’V •• 


■ . 233 1 + 0 3 DM-nw 


-.5982+03 

nyr.ro 

■ r 

" t 

X D * 9 ■*• Q 3 

D7D r> 

z 

-.2584+04 OH 00 

= 

-.7160+03 

DXO-O 

- 


ft HA <"% 

O U u U 

IDL'D 

z 

-.HUGO ' AMDUO 

s 

-.0000 

D XP -'u 

r 

*"*’ • 

0 o 0 n n 

7UW^ 

z 

- , 00 0 0 Of- IDL'D 

s 

-.0000 

oxr -o 

z 

• 

oo on o 

70(;: r " 

z 

, no oo Duron 

z 

. 0 0 00 

oyr-E 

z 

• 

4 707 + n 3 

VIDE 

z 

, 3553+04 l;H[iF 

r 

. 6 993+ 0 3 

nx ? .*T 


• 

3279+05 

0 7D T 

z 

- , 2432+03 DHDT 


- 1 0 9 1 + !.) 5 

V-' 

= 

• 

1 3 4 r 3 + 0 3 

D7 

z 

hi 01. + 02 CANA 

= 

-.2436-02 

i-i /> C j- ! 

r 


1209 + 00 

RHf; 

z 

.0300-g? r. 

= 

. 2333+03 

i" C 

s 

* 

7 3 0 0 + n i 

1X7 

- 

. 5373+03 IV 

z 

. 20 5 0+05 

T 

1 

r 


on oo 

X T 

r 

+.*000 TOT 

r 

-.0000 

LX 

s 

‘" r i 

Li U Li 

1- v 

r; 

-.'•Q0U L7 

- 

- . 0 000 

C ! 

?; 

* 

GOOD 

C r ’ ; 

= 

,0000 s' 

r 

■ .11 2 o + D 5 

!>'. 


♦ 

1 G 1 9 + o 3" 

T * r 

* /. 

r 

.3451+03 0 


.3220+02 



D I 

-ir NS I ON* 

L ST A 

B I;!. 

ITy DFRTVAT! vES, 

PE” 

Radian* 




S T A ft I 

L I Tv 

v r 

\T' 



Vi | 

z 

- # 

j ri 8 f; 4. rj n ■ 

>, D 

- 

-,3c A 4 - 0 0 hU 

r 

. 3537-02 

• V i ; 
/ * . 

z 


3i l 21-Ql 

Z ' 

- 

-.67 0 2 - 0 0 i iW 

= 

-.2910-01 

v 0 

z 


M53~0‘0 

70 

z 

- . .7429 + 0 . 1 . [ip 

r 

- . 34 93+0.1 

y > I r i 

z 


0 0 00 

75. if: 

z 

\\ ? ! n Vj j |f‘, 


. 0000 

I'-j 

A ■' 

z 


oo on 

» p*» 

z 

. no no Hpn 

r 

. 0 000 

\ r. 

/• - L. ‘ 

z 


0 n c n 

7 01 1 

z 

.,- r 'OO 0 i- 1 (iD 

z 

. none 

v[, 

z 


1 303+Yi j 

/ n 

z 

»! 0 ?;l + 02 HD 

z, 

. 4387+01 

XT 

Z 


9 ^ >> 74 03 ' 

•v *•■ 

/ 

z 

-.69R2-02 'IT 

z 

.5322-00 


1 •'» RTftBll. J !'Y AXES, l 1 * , 1 3 3 0 H 3 AMD u s 0.0 

7 . 1 Y s ' .2'^0 + rtEj AND 21x2 - .6573+03 


1L3 



Table A. 2k 


13 


f-t'fc ' 0. 

•C ^ ^ 0 a J R -CL-84 {?0.K>-J0TJ- LFVEl FLIGHT $Af. 0 r F 

l r ;PUT Da? t. Stability Derivatives 

"its a he: 1 P R A u ! t ' 1 




DIDfj'XS.IODAu 

DPR I V;.T IVPS TINF .5 

INLR 

TU 




(STABILITY 

ALTS) 




OX "V : J 

r 

-,i 75 $+C* 2 ' 0 

p f i ; Z — - 1 “< 4 /* *4 f ; 3 

rot-o 

z 

. 1 1 . 35 + (33 

D X r ' V 

- 

. . 13 Z' 9 + . 0 T ,:• 

2 iv = -.?? 3 J+C «3 

- 

Z 

- . 59 a * *03 


* 

~ , i? X 3 p * 0 3 3 

?;/•:'■ - ~ , 1 3 0 3 4 3 4 

r;:\r p 

'Z 

-. 357 8+Gb 

CXC.r 

c- 

- . 0 c 0 0 02 

j:jr = -.nc °0 

Oisoo;: 

z 

-.0000 

DVD »*C 

- 

- » ODOC 02 

:P i> r, z - pr:fir> 

ODD?.;) 

z 

- . 0000 

Dvr -o 


- , OX CO -O/ 

: p. r ' r p r : n 

Ov-DCO 

z 

. COQO 

’? v v t ' 

- 

, 4707+23 u 

7 p p = p £ - 7 4 - r a 

r V- p r- 
!.L ! L’ — 

z 

. 8993*00 

OX? T 


t jj, r - 7 0 ■+■ y 0 

a t .= - 3 2 ? i + c 5 

• a. 1 t" r 

z 

. 1091+05 


- 

, 13 ^ 5-+ 03 

. ’ 7 ’ = 1 * 01+02 

G*>A 

z 

-. 2436-02 

M /i C H 

5 

* 1 Z 0 9 4 0 p 

-KO = . 2380-02 


z 

. 2333+03 

a r 

• * ■ Vy 

5 

, 7 13 00 +*01 

IX? : .AO? 3+ "3 

iV 

2 

. 2050+05 

! T 

• 

- - 0 0 0 0 

>, T S - t {■ f: ■" :j 

TC T 

= 

-.0000 

!.. X 

s 

- ♦ 0*0 00 

i v =■ - n r, ■’ 

17 

S 

-.0000 

“L 

Z 

n ^ 

f V? ‘J L.' 

!' — - r-. >' 

• 1 i... ~ 


z 

. .1 1 20 + 0-5 

IX 

Z 

. U 19 + 05 

17 = . 3 A 0 1 + _■ 5 


z 

. 3220+02 




DTiT-DvSlOMAL ST A 

S I ! 

I Ty 

CPS I 7 AT IVLS , 

PE 

■ Rag i a k ; , 



STaSIwI i'Y 

A v -• 

V 




✓ , 
V. 

z 

-,.in«Q +00 I: 

- 

» 

3 2 6 4-00 D ! .; 

z 

.5537-02 

/ - 

'■ /'■ 

r 

• 302.1-01 1-. 

z 


A 7 0 >rO' . a 

z 

-.2918-01 

/ r'\ 
’* 

s 

5T59-00 Z? 

= 

» 

57 3 ! J + C1 i y «-3 

z 

-.1745+01 

i ( 5 

z 

.0000 7ij' 

z 

• 

o o n o • ! 1 j : 

z 

. on go 


z 

.DO DC iO 

- 

+ 

; in ; • 3 ' 1 -. v n 

z 

. GOOD 

v . ? 

r 

* oxen. ‘ 

■ = 

* 

• ' ■ j 

z 

. 000 0 

/ ; 

r 

♦ n 3 3 5 + P ^ ? "• 

r 


1 .‘7 p | r. 2 a 3 

z 

.4337+01 

/ r 


• .V427+J2 ZT 

2 

* 

X 9 C ^;4 - P v; r. 

z 

.5322-00 



I -••: STABILITY a»; 

: - .3 » 

; | 

S- . 1 3S:1+ )J 

A 

v'T a s 0.0 



71 Y - 


5 - ? 4 

*>5 s D 2 1 x - 


. 6 573 + Vi 


l44 



Table A. 25 


RUN NO, 


13 



r 

ANA DA I R CL-? 

4 b 0 * K N C 

TS level FLIGHT s 

AS ON 



input Data 


Stability Derivatives 



D I HENS I ON A 

u D€«IVA 

tjvfs times 

INERTIA 




UNITS ARE 

1 PER RA 

0 I , AN 





(STABILITY 

A X E 3 ) 




DYDV 

5. 

-.5435+02 

D L D V = 

-.4912+03 

DNOV = 

.4514+03 

L'YDP 

- 

- . 2 3 4 6 + C 3 

Di.DF = 

- . 7541+05 

DWD? = 

, 1677+05 

CYDR 

= 

. 7642+03 

DO DR = 

.5127+05 

D+'DR = 

- , 8 4 1 1 + 0 5 

DYDVD 

- 

- , 0000 0 

L'DVO = 

- .0000 

DHDVD = 

- , oooo 

DYD p D 


-.0000 D 

l.jfo = 

- . oot-o 

D N C P 0 ~ 

-.0000 

C'Y[)WQ 

- 

-.0000 B 

LORO = 

n ft ft ft 

ON p-RD = 

.oooo 

0 Y 0 A 

* 

.2747-00 

D-Da =. 

. 9338+05 

DNQA = 

-,9232+04 

DYOR 

- 

- . 1192+04 

rj ; p- ld z 

- . (t 7 26 + 05 

ON OR = 

, 3.294 + 06 

ij 


.1343+03 

uz r 

-.1201+02 

Gama = 

r, 2436-02 

MACH 

= 

. ,1209 + nn 

.'^0 = 

.2330-02 

s = 

,2333+03 

MAC 

r 

.7000+01 

1XZ = 

, 6373+03 

1Y = 

,2050+05 

HT 

T. 

-.0000 ■ 

XI = 

- f ( i Q 0 

tqt = 

- ,0000 

LX 


-.0000 

L Y = 

~ , 0 o o o 

L? = 

- ,0000 

CL 

z 

. oo on 

CO = 

.0000 

A ” 

,1120+05 

IX 

z 

.1019+05 

12 - 

.3451+05 

G = 

.3220+02 

SPAN 

z 

.3330+02 







C I MENS I ON A 

L STAB I L I T Y QEFv I V AT I VES » PEW 

radian* 



stability aXE 

s 



Y.V 


- . 1563-00 

LV = 

-.2700-01 

MV = 

,1308-01 

YP 


-.7320-00 

LP = 

- ,4 1 46+01 

.VP = 

.4659-00 

YR 

- 

.2197+01 

LP = 

.2,319 + 01 

NR = 

-.2437+01 

YVD 

= 

.0000 

L V D = 

. oooo 

MVD = 

,0000 

Y P 0 

r. 

.oooo 

l.FO = 

,0000 

NPD s 

,0000 

YP'O 

z 

. 0000 

tRD = 

,0000 

NRO = 

,0000 

YA 

z 

. 7593-03 

LA = 

.5244+01 

WA = 

^,2675-00 

YCR 


-.3427+01 

LOR s 

-.3699+01 

nor* 

,3750+01 



dimensional derivatives? psjm 

ED 


YV 

r 

- .1363-00 

LV = 

-.2,655-01 

MV = 

,1258-01 

YP 


-.7320-00 

LP s 

- .4131+01 

HP = 

,4075-00 

YR 

= 

.2197+01 

LP s 

.2732+01 

MR s 

- 1 2387 + Cl 

YVD 

z 

• ooon 

lvd = 

. 0000 

MVD 5 

,0000 

YPD 

z 

.0000 

L P D = 

.oooo 

NPD = 

,0000 

YRQ 

= 

.0000 

L RC: = 

, oooo 

NED = 

,0000 

YA 


. 7890-03 

LA 5 

,5237+01 

A = 

-.1679-00 

YD P 

- 

- .3427+01 

L D R s 

-.3566+01 

NOR * 

,3684+01 

I 

iV 

STABILITY AXES* u= . 

1350+03 



» 1 XY' = 

.1 

Si? +05 122 

= .3451+ 

05 1X7= 

6573 + 03 




Table A. 2 6 


RUN MC. 


13 


r 

A N A D A IK CL ” t'> A 8 0 • K, r 

C T s; LEVEL. FI. 

ICHT § aS OFF 


INPUT DATA 

Stability 

Derivatives 


r I ME.?-;? I C-PAL CpK 1 V 

1 I VIS T]HES 

I me;pt I A 


UNITS AFP 1 PFP P 

ADI AC. 



(STABILITY /.Xrb) 



nY[;V = 

-.3435 + 12 Dt.L Y = 

- .'*> 912+03 

DNpV = ,4514+03 

DYCP - 

-.25<5+t3 Dl.rr = 

-.lb 8 f. + D 5 

Of-lDP = .5415 + 04 

DYON - 

.76*9+03 DU P = 

> 1 3 2 3 + 05 

DNDR * -.1476+05 

n y r ? v n - 

-.COLD PLPVr = 

-.none D 

NDVD s -.0000 

PYPPO = 

- .core clu y = 

-.coon p 

MPPD s - , COCO 

DYr.pn s 

-.OCCC? C.L f: Pf: = 

,0000 1. 

NfiRD = ,0000 

t'YDA - 

.27*7-1 V pl.t A = 

♦ °5'iN + c5 

LVNA s -.9232+04 

CY0r« = 

-.1192+04 DI..PR = 

- . ( 720+05 

DUPP = ,1294+06 

u - 

. l3<5+i'3 i j; = 

~,?.?0i+C2 

G/‘fM = -.2436-02 

MAC M - 

. i2pc+no ppc = 

.2380-02 

S = .2333+03 

MAC r ' 

. 7000+01 r xc = 

,6573+03 

JY s ,2050+05 

NT * 

-.oonc X} - 

- . i" 000 

T n T = +.0000 

LX « 

- . 000 0 LY * 

-.POOL 

! J. = -.0010 

a - 

. QOCC CP = 

.noon 

W = ,1120+05 

IX - 

• r*ii?+05 iz = 

. 3 4 5 1. + 0 5 

G = , 3220+02 

SPAN + 

. 3330+02 




PI MENS I OPAL ST API 

1. 1 T Y D E R I V AT IV S * P E R R A D I A >■! * 


STABILITY A;; 

u ~ 


V \! :■ 

'.1363-10 L.V = 

- ,2700-01 

MV = ,1300-01 

Yp - 

-.7317-10 LP = 

-.1037+01 

MP a ,1569-00 

Y p 

.2199+01 LU = 

.7273-00 

MR = -.4277-00 

wn - 

.a duo lv;> = 

. none 

\iyO = ,0000 

YP:) S 

.0000 _pp = 

.6000 

v'PO 5 ,0000 

YRii - 

.0000 _9 ) = 

,'T YT Pi 

f '■> U V w 

XRD = .0000 

YA •' 

,7398-03 -LA * 

.5244+01 

NA = -,2675-00 

YD1- 

- • 3427+J1 i.OR = 

- , 3699+01 

NDR= ,3750+01 


C \ M E N 5 I 0 N A L 0 !£ K IV 

ATlVirSr PRIME 

D 

YV • 

-.1363-00 L'/ = 

. -.2655-01 

NiV = .1258-01 

YP .5 

-.7317-30 L c * 

-.1032+01 

i\P = ,1374-00 

YR " 

.2199+01 LR * 

.7124-00 

,VR = -,4144-00 

YVQ = 

.000 3 L VP = 

.0000 

N'VD = .0000 

YPQ = 

.0000 LOO = 

, coo a 

NPO = ,0000. 

YPQ . * 

.0000 IRC = 

. .0 0 0 o 

N PD = .0000 

YA - 

.7398-03 LA s 

•5237+01 

M = -.1679-00 

YOP = 

-•3427+01 LpP = 

-.3566+0 1 

NPR= ,3604+01 

I N 

stability axes » U = 

,1350+03 



* 1XX* ,1.35-2 + 05 nz= .3451+05 1*4 = '.6573+03 



Table A. 

CM 

■U'O ‘-*0. is 



CA^AO 

AIR 

CL.- HA BO . KNOT? • 

DESCENT 30 

.FT. SEC 

5 A S f j H 



I?4p;jT DATA 

Stability Derivatives 



U'! ITS ARE i PER H, 

\ D I A N 





D I MENS I CH/»L DPR IV. 

’.TlyPS TIMES INERTIA 




(STABILITY AXES) 




nxou 


-.5712+02 DZDt; = 

-.14!) 9 + 03 

d;idd = 

-.6767+02 

DXOW 

s 

-. 1.6 63 + 02 DZDv/ 5 

-.”V5 7 + Q3 

nMrv.f - 

-.5738+03 

HXOQ 

S 

- , 3 56:1 + 02 DZDd. = 

>-.26 03 + 0 4 

DHijO = 

-.7226+03 

D <U ' >0 

r 

- , 0 0 0 0 O ZQUD = 

- . HOQO 

DHOiJD = 

- . 0000 

D XO ■* u 

- 

-.0000 D2DWD = 

- . DCiDQ 

Df+D w‘D = 

- . oo on 

Dxn-n 

- 

-.0000 0 XDQ r ' - 

nr ‘in 

DMDQO = 

. oooo. 

WE 

- 

• .2099 + 03 iDZDP 

. 34^2+0 ■* 

• DMDF = 

. 8944 + 05 

: rx^T 

c: 

. 2 -‘'72 + 05 DZDT = 

- ■; 6 + p, 5 

D;V||JT S 

. 2038+03 

i i 


. l>4.« + r>3 OZ - 

. 78-35 + 01 

G A :Y A = 

-.1284+02 

.Mach 

- 

. 1209 + 00 RHO - 

'j t a a - n •? 

1 «.! -■ V U >' 

C - 

.2333+03 

; vi A 

s 

. 7000 + 0 1 1KZ s 

- . 1 745 + 0 4 

IY = 

.20-50 + 05 

H T 


-.0300 XT = 

-.DODQ 

TOT = 

- . no no 

LX 

£ 

-.0000 LV = 

-.D& 00 

lZ = 

-.00 0 o 

-L 

s 

• .COCO CD - 

. I'D 00 

t.' r 

. 1,120 + 03 

. ix 

- 

, 1 a, 3 '6 + 0 5 I 7, = 

.3433+05 

0 = 

. 3220+02 



DJDfEKSIOivAL ST A '31: 

.. i t y dfriva 

TIVES. PE 

’ ’ R A 0 I A N i 



ST.ABII.ITY -AX: 

Cj 



X ij 

r 

-.1^2-00 Z- ; ; S 

4051-00 

f/, ; i ■ r 

- . 3301-02 

Trf 

r 

-,4630-01 ZW = 

-.5281- DO 

?i/» < Z. 

-.47 u n - 0 1 

XG 


- .9663-01 ' 70 = 

- . 7 £ 2 7 f C : 1 

;Vj- Z 

- . 3525+01 

X'-'D 


.0000' zoo = 

.**. f \ n r< 
♦ : ' r-'H' 

MUD = 

.Conn 

xwo 

- 

,0000 zx ,n = 

. '-ODD 

MwD = 

. oooo 

XGD 

s 

,0000 ZQD 5 

. .0000 

MOO = 

. oo on 

xo 

5 

.7472-00 ZD = 

. 1001- *0? 

MO - 

. 4363+01 

XT 

5 

.,7682 + 02. I T = 

-.7Q4S+3? 

HT - 

.1004+01 



IN STABILITY AXES 

.‘•s 

1330+03 A 

Mf) W s 0.0 



Z I Y = ,2 

•150+OS AND 

2 1 x'Z = 

- . 1 745+04 


1^7 



Table A. 28 -'+' 1 S3. 1 

Cam A DU 3 Cw-54 80 * K :, JCT$ OESCENT 3'.5.FT/$6C SAS 0 P? 




I 

■:fut oat 

A 


Stability Derivatives 



i. 

••i ITS A*S 

1 

or -:x Sf 

D! AM 






r\ 

HENSI-O.n 

A L 

OESIV * 

iii/s-'s nxes 

J:\IPD 

TIA 




( 

STABIHT 

V ft 

X~3> 





OX '..j 

- 

- 

. 5712+02 

■“* 7 

• / •- 

03 ; z 

“ . 1 1 D 9 + C 3 

DMOU 

S 

-.6767+02 

0 X '.) 


- 

. 1 583+02 

:3-2 

o y - 

-.18.3 7+03 

O^D •'• 

r 

-.9753+33 

0X^5 

*: 


. 2 5 6 0 + Q ,? 

J 2 

y v- z 

-.1391 +Q 1 

0^0 ■- 

s 

-.3670+05 

DXO ! D 

z 

- 

n o n n 

• %} 

0 20 

.!?">. m. 

-.0000 

dmo - jn 

s 

-.00-30 

DXO -'D 

z 

- 

. coo a 

1520 


_ n '• n n 

Drioxo 

r 

-.0000 

D XOOO 

z 

- 

. 0000 

020 

; ' ' r-v ' M, 

.00 00 - 

OkDQD 

s- 

. GOOD 

nx'<K 

z 


. 2399+03 

02 

y r: s 

.3iS?: + c i 

V 
iv : 

= 

. 89 4 4 + Q.5 

ox ' r 

= 


• 2 fc 7 2 + 0 5 

4 

13 T ~ 

-.3146+05 

O' 10 7 

z 

.2058+05 

u 

s 


. 1 3 4 ? + n 3 


J 7 = 

. 7g?6 + C 1 

GAMA 

z 

-.1284+02 

MAOH 

* 


■| -' 7 > n + 


\4 f; S 

. 2 3 3 c - C 2 

c 

z 

.2333+33 

A,; A O 

z 


. 7 000 + 0:1 

I 

X 7 = 

-.1743 + 6 4 

IV 

z 

. . 20 50 + 05 

Hi 

z 

- 

r> a-. >*' '■* 
* >.iU U V' 


X I = 

- . o c o c 

TOT 

z 

- . COQQ 

L X 

s 


. DO 00 


: y r 

-.no 0 0 

LZ 

= 

-.0000 


3 


n n n h 


C H ? 

jc. p p p 

u 

z 

. 1120 + 0-5 

lx 



.1035+05 


17 - 

.3 435+0:5 

r 

z 

.3220 + 02: 



f) 

t K‘r£^S I OAJ 

AL 

3 T a B I 

1 Tv D E R J y a T 

IVES, 

PE^ 

Fact A iv, 




S 1 A '-i 

I L I 

T V /: v r: 

t; 

X.. 




X J 

= • 

- 

. 16 42-00 


Xi - 

- t 4 r 1 - y — r r) 

ja 

r 

-.3301-02 

V 


- 

, -5 039-03. 


L f * 

-.5201-00 

V X 

= 

-.4760-01 

7- -S 

5 


. 0 2 X 2-01 


7 X - 

-.79 9 9 + 0.1 


r 

-.1790+01 

X : JD 

= 


.coco 

7 

; ! r 

r- r: n r 

Fiji: 

z 

.coco 

X-L) 

=? 


. on CO 

7 

* 

, r r; n c 

A-wT 

r 

.coo n 

x 0 

5 


, Once 

2 

x r =■ 

• rcf.{j 

mqc 

r 

.0 000 

VI": 

5 


, 7 A 7 ? - 0 0 


z r : = 

. i 1 1 - 1 4 C 7: 

jv r; 

z 

.4363+01 

XT 

s 


. 7 f ; f? 2 + 02 


71 = 

- , c £: A 5 + r J 

K T 

z 

.3004+01 



{ 

STAB II. 

I IV 

+ > t s> 

v.- r # J, 

350 + C : 

15 

n k r o.o 




4 1 V 

= 

i 

50 + 05 l 2 

I >7 " 


- . 1 /4 5 + f 4 





Table A. 

29 

jv [ ; s 

NO . 

15 


CA 

NADAIR CL "6 

4 SO . KNOTS D83CE 

NT 30. 

FT /SEC SAG ON 



input DATA 

Stability Derivatives 



DIMENSIONS 

L DERlV /iT I VcS TIMES 

inertia 



UNITS £ PE 

1 PEP R AO I a 4 





(STABILITY 

AXES ) 



)YDV 

z 

- . 523 (. + J 2 

DLDV = -.'H7 3 + C3 

QMqv 

= ,4692+03 

)YDP 

z 

•- . 1340+03 

DLDP = -.42x3+05 

DND P 

= ,5540+03 

)YDR 

5 

. 7992+03 

DLDR = ,9 BO P+O 4 

D N ! ) R 

= -.3963+05 

'DVD 

z 

-.0000 D 

ldvd = -, 00 OO 

DNDVO 

= - , OQOO 

'DPD 

2 

-.000(1 t: 

LiPD = -.OnuO 

DHOpD 

= -,3000 

'DRD 

2 

-.0000 r. 

LORD = . *;00C. 

DNDRD 

= ,0000 

)YDA 

Z 

- . 1 06 ''♦QO 

Oi. Da = .5557*05 

DND A 

= -.4256+04 

)YDR 

- 

- .119 *04 

DLDH = . AJl‘t + 04 

DNDR 

= ,1082+06 

U 

s 

. 134. •+03 

U 2 = . 7 H . 6 + 0 1 

GAMA 

= -.1284+02 

1ACH 

z 

. 1209+00 

PHO = . 23<*'G-02 

S 

= ,2333+03 

MAC 

5 

• 7 u Q f i + 0 1 

I X Z - - , j "f 4 3 + 0 4 

1 Y 

= .2050+05 

HI 

= 

-.0000 

XT = -.3000 

tdt 

= -.0000 

LX 


-.0000 

LY = -.3000 

LZ 

- -,0000 

CL 


.0001; 

CD s .0000 

w 

= ,1120+05 

IX 


. 16 35 + 0.5 

IZ " ,3433+05 

G 

= ,3220+02 

SPAN 

= 

.3330+02 






D I H END ( ON/.L STABILITY D F. R I V A T IV E S f F 

E R R A Cl AN* 



STaBI 

LiTY AXES 



YV 

Z 

- . 1520-00 

LV = -.1729-01 

NV 

= ,1366-01 

YP 

s 

— . 3 >*} 7 3 — 0 0 

LF = -.2296+01 

\ip 

= ,2777-01 

YR 

= 

.2298+01 

LR = .3132-00 

NR 

= -.2027+01 

YVD 

= 

• 000 j 

LVD = ,0000 

Nyp 

= .0000 

YPD 


.0000 

lpd = .ones 

NPD 

= .0000 

YRD 

= 

.0000 

LRD = .CD 00 

NRD 

= ,0000 

YA 

= 

-.3 Ob 9 -03 

LA * .3028+01 

NA 

= -,12*0+00 

YDR 

Z 

— .3444+01 

LQR S ,1897*00 

NOP 

= .3150+01 



D I MENS i QNA 

L DERIVATIVES* PRIM 

ED 


YV 

2 

-.1320-00 

LV = -.5.868-01 

N V 

= ,1488*01 

YP 

Z 

-.3075-00 

LP = -.2310+01 

NP 

= ,1456-DO 

YR 

= 

. 2298+01 

IP = .7144-00 

NR 

= -.2073+01 

YVD 

- 

.0000 

LVD = .HO DO 

nvd 

= .0000 

YPD 

= 

.0000 

LPD = ..Gy GO 

MPD 

= ,0000 

YRD 

z 

. 0000 

LRD = , DC PC 

NRD 

= ,0000 

YA 

z 

-.3059.-03 

LA = .3033+01 

flA 

= -.2805-00 

YDR 

= 

- . 3444+01 

LDR= -.1305-00 

NOR 

= .3172+01 


IN STABILITY AXES I U= , 1350 + r>3 
I XX s f 1.835 + 05 IZZ = .3-433 + 05 IX 


. 1745 + 0 ^ 



Table A . 30 


15 


RUN NO. 

CANADA IP CL- - $») , nUOT'A n L SCENT 3D. FT /SEC SA3 OFF 


INPUT RAT '■ Stability Derivatives 



riBLNSluN- 

l d:;*y 

) ■ : 

• T T «*:■ r t »' C 

... ' } v * ■ • •) | £ 

I n,;;u r 

I Li 




I. ' *\| _} T H- A r< h. 

4 LTi ; l > 

K 

1 

■ : ’ .A. U ■■ ■■ 






( ST aBILITV 

A \ 5 _ 

) 






DYDV 

z. " ♦ Y 0 Y [") O 


Z 

- , .> x 7 :> y 0 3 

DHD W 

n 


. 4692+03 

dy;." : P 

* -.1349+U3 

DlXi> 

= 

- , x : 1 L + 0 E i 

r>M^t v 
• v » •: U ; 

r. 


.1771+Q4 

Dvnu 

= . 79C-3 + 03 

LUCK 

- 

, 5 l V 

!'"> X j ? \ * ’• 

z 

- 

> 1 5 2 6 + 0 5 

0 Y D V D 

= -.conn r. 

L 0 VO 

- 

- # rujOB 

DHDVD 

z 

- 

.GOOD 

pvnpf) 

= -.LOGO |: 

L 0 P i > 

r 

^ . : : f ) 0 J 

ON DPP 

z 

- 

. no no 

DVD PD 

= -.LOGO D 

LLP' t 

r 

, i 1 y 1 u • 

DNDRP 

= 


. 0000 

D Y n A 

= - . 1 OfeA + un 

DL Pa 

r. 

r... t. c , •; 4 . c, 



- 

. 4256+04 

PYDP 

= - . 1 l'9A + Q4 


* 

. " ; i 1 h + ‘ j 

Dunr 

r 


, 10 PP + 1)6 

[ ■ 

- . 1 5 4 A + l! 3 

Li 7 

r. 

t / * ^ + 1} \ 

GAM'. 

r 

- 

, 1234+02 

PAC'D 

s .1209+00 

Phi- 

- 


s 

= 


, 2333+03 

fv> r 

= . 7QOO+U1 

1X7 

- 

- . 7 * 5 + 0 4 

I v 



,2050+05 

NT 

** * L. 

X T 

r 

- , 1 , n u i_; 

TCP' 

= 

- 

. 0000 

LX 

= - . 0 0 D 0 

L.Y 

• 

- , r;OCO 

LC 

= 

- 

,0000 

CL 

— • L U L : i : 

CD 

r 

, HPOL 

V 

- 

f 

,1120+03 

IX 

= .3535+05 

I V 

- 

. 3 4 3 5 + 0 5' 

t, 

r 


, 3220+02 

SPAN 

= .3330+02 









C IREKS ION; 

L ST;, 

B ] 

U TV DPP! VAX 

I VP S' p 

ER 

R A 

P I AN/ 


V T u B ] 

L.ITV 

a>: 

L 0 





YV 

= -.1520-00 

L ' ! 

r 

-.1729-01 

N\- 

r. 


,1366-01 

VP 

= -.3671-00 

L! 

= 

-.(0 49-00 

NP 



,5156-01 

T rv 

= .2297+ui 

LP 

s 

, A 4 03-00 

N D 

r 

- 

.4443-00 

Y V D 

- • L 0 0 L : 

LVT 

r 

. DO PL 

S' VI. 1 

r 


.0000 

YPD 

= .COOL 

L PD 

- 

. core 

NPD 

= 


, 0000 

YRC 

- '.CHOC 

LRp 

z 

. r cue 

MRP 

r 


.oooo- 

YA 

= - . 3059-03 

LA 

- 

■ .70 ?p+01 

DA 

r 

- 

, 1 2 4 0 + C 0 

YD 

R = -.3444+01 

UP 

= 

.1697-00 

• NC Fi 



,3150+01 


t I DENS I ON A 

L Pi: L 

I V 

A 1 I V £ 5 > -PR ID 

ED 




YV 

= - . 1520-00 

LV 

r 

- . 1.6 6 P-01 

M\ 

z 


,1466-01 

YP' 

. = -.357 6 - 0 0 

. LP 

• 

-.<•126 -PC? 

NP 

z 


,6309-01 

YR 

= .2297+01 

LF 


.4659-00 

DP 

r 

- 

,4614-00 

Y V D 

= .0000 

LVt 

= 

. i L 0 0 

wo 

r 


,0000 

YFD 

= .oooc 

L.PC 

r 

• COOG 

DPT 

r 


,0000 

YRD 

a .COCO 

L R C. 

= 

. 0 0 n r. 

NRO 

= 


,0000 . 

. ya 

= -.3059-03 

LA 

= 

. 3 c 55+ Cl 

' MA 

z 

- 

,2605-00 

YD 

R* -.3444+01 

LCT 

= 

13 05- CO 

MDP 

' z 


.3172+01 


IN' stability axes* l 

: s 

,1350+03 





* IXX = 

,1 53 55 + 05 IZ2 

= .34 

3t 

+05 1X2--. 

1743+04 




150 



APPENDIX B 

X-22A STABILITY DERIVATIVES 
Introduction 

The stability derivatives presented here are taken from 
Reference 31 • For the reasons explained in the main text, only lateral 
derivatives are presented. The flight conditions are listed in 
Table 8 of the main text. 

The printout contains some redundant information, such as 
Mach Number, which is arbitrarily set to zero, without affecting the 
accuracy of the derivatives. The yaw and roll derivatives are 
referred to the stick and pedals, and include the effects of control 
blending. These derivatives are denoted as NA, NR, YA, YR, LA, LR,- 
and care should be taken to avoid confusion with the yaw rate 
derivatives, which axe also denoted as NR, YR, LR. The yaw rate 
derivatives can be distinguished from the rudder pedal derivatives by 
noting that the latter are always printed adjacent to the YA, LA, 

NA derivatives. The inertias referred to stability axes are denoted 
ZIX,ZIZ,ZIXZ. 



TABLE B-l 


RUN NOt 


1 


BELL X-22A W*16770LB Ms OPT UC S lO.qFRS GAMMAs-12, 1DEG -AX= O.OG 

INPUT DATA 

DIMENSIONAL STABILITY DERIVATIVES 
UNITS ARE 1 PER RaUUN 

(BODY AXES DIFFER BY .4972+01 DEGREES, POSITIVE 
PGR NOSE UP, PR OH STABILITY AXES) 


YV 

r 

-,4700-00 

LV s 

- , 1120+00 

MV s 

, 1950*01 

YP 

a 

7700-00 

LP = 

", 2 6 0 0 " 0 0 

NP = 

.0000 

YR 

s 

-.0000 

LR 5 

", 1/70-0 0 

NR = 

14*0-00 

YVD 

z 

-.0000 

LVO * 

- , ouuc 

nvd s 

- ,0000 

YPD 

z 

-.0000 

LPD 5 

- . 0.000 

NPD 8 

- . 0000 

YRD 

z 

-,0000 

L«D * 

-.0000 

NRO 8 

",0000 

YA 

z 

. 0000 

LA 5 

. 1,970 + 01 

NA = 

,OOUQ 

YR 

5 

,0000 

LR " 

,0000 

NR 8 

,7000*00 

U 

z 

, 1000+02 

U7 * 

, 6 / 00-00 

GAMA = 

-. 1210+02 

MACH 

z 

,uonn 

RHQ s 

, 0 u u 0 

S “ 

.OOUQ 

MAC 


. GOOD 

ixz ? 

.2530+04 

IY 8 

,5160+05 

HT 

z 

,0000 

XI = 

, 0000 

TDT 8 

, UOUO 

LX 

» 

,1600+02 

LY = 

.QUO t! 

LZ 8 

, 0000 

CL 

z 

, uooo ' 

CD = 

. 00 op 

W s 

, 16/7 + 05 

IX 

z 

,2175+05 

17 s 

. 4560+D5 

G «. 

,522.0 + 02 

SPAN 

5 

.0000 







dimensional 

. STaBIL 

UY derivatives .per 

RADIAN, 



STABILITY axe 

b 



Y'V 

2 

-.4/00-00 

LV s 

-.1.165 + 00 

NV = 

.2390-01 

YP 

Z 

-, 7671-00 

L P = 

- , 2661 - 0 U 

NP " 

, 235Q-01 

YR 

z 

, 6674-01 

LP = 

- , 1261-0:0 

MR 8 

- , 1396-00 

YVD 

z 

, Good 

LVO = 

, 0 u 0 u 

NVD = 

,oouo 

YPD 

z 

, 6000 

LPD = 

. nuua 

NPD = 

, 0000 

YRD 

z 

. uooo 

LSD * 

,0000 

NRD = 

, OOUQ 

YA 

z 

, Good 

L.A = 

.1966+01 

N A = 

-.6063-01 

YR 

= 

, 0000 

LR c 

- , 1295-00 

f,j h 5 

.6955-00 



dimensional 

DERI V A 

T I V E fe , P H 1 {•' 

:ED 


YV 


-.4700-00 

LV = 

- , 1170+00 

MV 8 

.2496-01 

YP 

s 

7671-DC 

LP " 

-.2666-0 Q 

NP 8 

,2592-01 

YR 

z 

, 6674-01 

LR " 

- , 1254+0Q 

NR 8 

- , 1366-on 

YVD 

z 

. 0000 

LVD r 

, 0 0 u 0 

M v D « 

,0000 

Y P D 

z 

. 0000 

LPD » 

, nuoo 

NPD 8 

, 0000 

YRD 

z 

, oono 

LRD c 

. OQ0C 

NKD = 

, OQOO 

YA 

z 

,0000 

LA = 

, 1966+01 

NA 8 

- , 9656-01 

YR 

- 

, 0000 

LR = 

- . 1427-00 

NR 5 

, 6949-00 


IN STABILITY AXES, U = ,1004+02, ZIX = ,2149+05 

AND III s . 4 6 0 * + 0 5 


* 
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TABLE B-2 1 

X-22 + SAS W s 1677QLB HsQFt IJQ= 1Q.0FPS GAMMASr.12.lDEG -AX= O.OG 
INPUT DATA 

DIMENSIONAL stability derivatives 

UNITS ARE 1 PER RADIAN 

{BODY AYES DIFFER BY ,4972+01 DEGREES* POSITIVE 
FOR NOSE UP, FROM STABILITY AXES) 


YV 

= 

- .4700-00 

LV = 

- . 1120+00 

NV = 

, 1950-01 

YP 

= 

-.7700-00 

LP = 

-.3610+01 

NP = 

,0000 

YR 

z 

-.0000 

L R z 

-.1770-00 

NR = 

-,1726+01 

YVQ 

= 

-.0000 

LVD = 

- . 0000 

NVD = 

-.0000 

YPP 

z 

-.0000 

LPD = 

- .0000 

NPO = 

-.0000 

YRD 

- 

-.0000 

LRD = 

-.0000 

NRD = 

-,0000 

YA 

= 

.0000 

LA = 

.1970+01 

NA = 

,0000 

YR 

s 

.0000 

LR = 

.0000 

NR = 

, 7000-00 

U 

z 

.1000+02 

uz = 

,8700-00 

GAMA = 

-,1210+02 

MACH 

z 

,0000 

RHO = 

, 0000 

S = 

, GOOD 

MAC 

z 

. 0000 

IXZ = 

.2530+04 

IY = 

,3160+05 

HT 

= 

. oooo 

XI = 

.0000 

TDT = 

,0000 

EX 


. 1600+02 

LY = 

.0000 

L7 = 

, 0000 

CL 

= 

. 0000 

CD = 

. nooo 

w = 

,1677+05 

IX 

5 

.2175+05 

IZ = 

,4580+05 

G = 

,3220+02 

SPAN 

z 

. 0000 







DIMENSIONAL 

. STAB 

1LITY DERIVATIVES, per 

RADIAN, 



STABILITY AXES 



YV 

z 

- . 4700-00 

LV = 

- .1165+00 

NV = 

,2390-01 

YR 

z 

-.7671-00 

LP = 

-.3638+01 

NP = 

,2950-00 

YR 

= 

. 6674-01 

LR = 

,4556-00 

NR = 

-.1711+01 

YVD 

r 

.0000 

LVD = 

. GOOD 

NVD = 

,0000 

YPD 

z 

.0000 

LPD = 

,oooo 

NPD = 

,0000 

YRD 

z 

.0000 

LRD = 

.0000 

NRD = 

, 0000 

VA 

= 

,0000 

LA = 

.1986+01 

NA = 

-.0063-01 

YR 

= 

.0000 

LR = 

- , 1293-00 

NR' = 

,6935-00 



DIMENSIONAL 

DERI' 

VAT IVES, PRIMED 


YV 

r 

-.4700-00 

LV = 

-.1170+00 

NV = 

,2496-01 

YP 

s 

-.7671-00 

LP = 

- . 3644 + 01 

NP = 

,3279-00 

YR 

= 

.6674-01 

LR = 

,4886-00 

nr * 

• - , 1716+01 

YVD 


.0000 

LVD = 

,0000 

NVD = 

,0000 

YPQ 

= 

,0000 

LPD = 

.0000 

NPD = 

, 0000 

yrq 


.0000 

LRD = 

.0000 . 

NRD = 

,0000 

YA 

= 

.0000 

LA = 

, 1988 + 01 

NA = 

-.9858-01 

YR 

= 

. 0000 

LR = 

- .1427-00 

NR s 

,6949-00 


IN STABILITY AXES, U = .1004 + 02, 2 1 X = ,2149 + 05 

AND ZIZ s ,4606+05 
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TABLE B-3 


RUN WO, 3 


BELL X-22A W s 16770LP H = C+'T UO* 67.5FPS GA«MA= -7. 1QFG -AX = 


INPUT DATA 


DIMENSIONAL STABILITY UERIvaTIvES 
UNITS ARE 3- PER RADIAN 

(BODY AXES DIFFER BY ,4979+01 DEGREES, POSITIVE 
FOR NOSE UP, FROM STABILITY AXES) 


W 

S 

-,3030-00 

LV 

mm 

-,3600-Ul 

NV = 

.2200-02 

YP 

5 

-,1270+01 

L D 


-.9500-00 

NP = 

-.2310-00 

YR 

S 

- , 0000 

LR 

z 

,234lJ-[)0 

NR = 

-.4010-00 

YVD 

s 

-,□000 

LVD 

s 

-.0000 

NVP = 

-.0000 

YPQ 

c 

-.0000 

LPD 

z 

* . OLOO 

NPD = 

-,UQO0 

YRD 

z 

-,0000 

LRO 

z 

ouou 

NKD = 

-,ooup 

Ya 

z 

, 90 00 

LA 

= 

.2070+01 

M A = 

. 7640-01 

YR 

= 

. 0000 

LP 

z 

, 3220-U1 

nr = 

. 7630-00 

0 

s 

, 0 750 + 02 

UZ 

r 

. 56'UQ + Ql 

GAMA = 

-.7100+01 

MACH 

s 

, 0000 

RHO 

r 

, n U 0 0 

S s 

.oouo 

MAC 

z 

. 0000 

1X2 

z 

,2330+04 

IY = 

,3160+05 

HT 

- 

, 0000 

XI 

z 

,0000 

TDT a 

,0000 

LX 

z 

, 1600+02 

LY 

CD 

z 

, 0000 

L7 = 

,oouo 

CL 

z 

, UOGO 

z 

, 00 00 

W = 

,1677+05 

IX 

r 

, 2175 + 05 

17 

z 

. , 4.300 + 03 

r; a 

,3220+02 

SPAN 

s 

.0000 








0 I MENS I ON A L ST AO I u 

ITY DERI VAT IVES, PER 

radian, 



STAB! 

LITY 

AXE 

s ■ 



YV 

s 

0 

1 

2*\ 

> 

LV 

= 

- , 5 y 6 6 - 0 1 

NV s 

,4537-02 

YP 

5 

- . 1265 + 01 

LP 

s 

- ,9164-00 

IMP = 

- , 1547-00 

YR 

z 

, 1102+00 

IP 

z 

. 3 *1 6 3 - 0 □ 

NR s 

- ,3860-00 

YVD 

z 

, 0000 

LVD 

= 

.0000 

N V 0 = 

,0000 

YPD 

«► 

,0000 

LPD 

= 

. 00 uu 

NPD s 

.oouu 

YRD 

mm 

, UOOiJ 

LRQ 

= 

,000 u 

NR!1 = 

, oouo 

YA 

z 

, 0000 

LA 

r 

. 2 U 7 5 + 0 1 

NA = 

-.9146-02 

YR 

- 

, 0000 

■ L.R 


-.1,090 + 00 

MR * 

,7566-00 



D I MENS I ON A L D £ R I V a T I V E S' , P H T r 

iED 


YV 

5 

-.,3030-00 

LV 

1 

-.5697-01 

NV = 

, 3 Q b 6 - 0 2 

YP 

5 

'-,1265 + 01 

LP 

r 

- ,9133-00 

NP = 

-, 1465-00 

YR 

r 

, 1102 + 00 

LR 

5 

, 3V41-0U 

NR = 

-.5924-00 

YVD 

= 

, u 0 0 0 

LVD 

s 

, OUOU 

iv VO s 

.oouo 

YPD 

s 

. OUQO 

LPD 

- 

, ou no 

NPD = 

, 0000 

YRD 

s 

.0000 

LRO 

c 

■ . UUOO 

NRD s 

.□QUO 

YA 

s 

, 0000 

LA 

s 

,2073+01 

N A — 

-.2773-01 

YR 

5 

. 0000 

lr 

* 

-.1233+00 

M 0 s 

,7576-00 


IN STABILITY AXES, U s .6776 + 02, Z I X = ,2149 + 05 

AND 2 1 1 ~ .A^nh+ps 
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TABLE B-L 


3 


HUN NO, 

X-22 + SAS W = 16770LB H=OFT UO= 67.5FPS GAMMAS -7.1DEG -AX = 0.OG 
INPUT DATA 

DIMENSIONAL STABILITY DERIVATIVES 
UNITS ARE 1 PER RADIAN . 

(BODY AXES DIFFER BY ,4979+Qt DEGREES ♦ POSITIVE 
FOR NOSE UP. FROM STABILITY AXES) 


YV 

z 

-.3030-00 

LV = 

-.5300-01 

II 

> 

,2200-02 

YP 

z 

-.1270+01 

LP = 

-.4190+01 

NP = 

-,3510-00 

YR 

= 

-.0000 

LR * 

, 1625-00 

NR = 

-,2101+01 

YVD 


-.0000 

LVD = 

-.oooo 

NVD = 

-,0000 

YPD 

= 

-,oooo 

LPD = 

- .0000 

NPD s 

-,0000 

YRD 

r 

-.0000 

LRD = 

-.0000 

NRD s 

-.0000 

YA 

5 

.0000 

LA = 

,2070+01 

NA = 

, 7640-01 

YR 

s 

,0000 

LR = 

.3220-01 

NR = 

, 7650-00 

u 

z 

.6750+02 

UZ = 

. 5330+01 

GAMA = 

-.7100+01 

MACH 

= 

.0000 

RHO = 

.0000 

S = 

,0000 

MAC 


.0000 

IXZ = 

,2530+04 

IV = 

,3160+05 

HT 

s 

,0000. 

XI = 

,0000 

TDT = 

,0000 

LX 

= 

. 1600 + 02 

LY = 

.0000 

LZ = 

, 0000 

CL 

r 

,0000 

CD = 

.0000 

W = 

, 1677+05 

IX 

z 

. 2175 + 05 

IZ = 

.4530+05 

G = 

,3220+02 

span 

z 

.0000 







DIMENSIONAL 

STAB 

I L I T Y DRR I VAJ 

IVES, PER 

RADIAN, 



STABILITY AXES 



YV 

z 

-.30.30-00 

LV = 

-.5333-01 

z 

c 

it 

,4557-02 

YP 

z 

-.1265+01 

LP 5 

. - .4191 + 01 

NP = 

,5362-02 

YR 

z 

. 1102+00 

LR = 

.9112-00 

nr = 

-,2065+01 

YVQ 

= 

,0000 

LVD = 

.0000 

NVD = 

, 0000 

YPD 

s 

.0000 

LPD = 

,0000 

NPD = 

.0000 

YRD 

= 

,0000 

LRD = 

,0000 

NRD = 

,0000 

YA 

S 

,0000 

LA = 

,2073+01 

NA = 

-.9146-02 

YR 

= 

.0000 

LR = 

-.1090+00 

NR = 

,7566-00 



DIMENSIONAL 

DERI 

VAT IVES, PRIMED 


YV 

z 

-.3030-00 

LV = 

-,5897-01 

NV = 

,5086-02 

YR 

z 

- , 1265 + 01 

LP = 

-.4192+01 

II 

a. 

,4343-01 

YR 

• 

,1102+00 

LR * 

.9510-00 

NR = 

-,2074+01 

YVD 

= 

,0000 

LVD s 

,0000 

NVD = 

,0000 

YPD 


,0000 

LPD ? 

,0000 

NRD = 

,0000 

YRD 

= 

.0000 

LRD = 

,oooo 

NRD = 

,0000 

YA 

= 

.0000 

LA = 

,2073+01 

NA = 

-,2773-01 

YR 


.0000 

LR = 

-,1235+00 

NR = 

,7578-00 


IN STABILITY AXES, U = , 6776 + 02. ZIX = ,2149 + 05 

and ZIZ = , 4606 + 05 
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TABLE B-5 


RUN NO, 


5 


BELL X-22A W=167;ULB H = 9ET UU = 101 , 2F-*PS GAMMA=-10 , ODES -4X a 0,QG 

INPUT DATA 

DIMENSIONAL STABILITY DERIVATIVES 
UNITS ARE 1 PER RAO UN 

( BODY AXES DIFFER tiY , 497Q+QX DEGREES, POSITIVE 
FUR NOSE UP, PROD STABILITY AXES) 


YV 

5 

-.2310-00 

LV 

= 

-,4cu J-01 

NV 

= 

. 4600-02 

YP 

w 

-,1160+01 

L.P 

s 

-.1300+01 

NP 

S 

- , 152 0-00 

YR 

51 

-.OOQO 

UP 

9. 

, 3 0 2 U - 0 0 

m 

2 

-,3790-00 

YVP 

= 

-.UOOQ 

LVC 


*,0000 

NMD 

2 

*,0000 

YPD 

= 

- .0000 

LPD 

- 

* , 0 0 0 ij 

NRD 

2 

-,0000 

YRD 

m 

-.0000 

LRD 

2 

- , HUGO 

NRD 

p» 

-.0000 

ya 

- 

,0000 

14 

c 

,2200+01 

NA 

s 

.0000 

YR 

= 

,000a 

LR 

m 

,0000 

NR 

2 

,6550-00 

U 

= 

,1012+03 

UZ 

2 

,8600+01 

GAMA 

= 

-.1000+02 

MACH 

z 

,UUQU 

R H C 

2 

,0000 

■S 

2 

• u 0 0 y 

MAC 

s 

.0000 

1X7 

*■ 

.2530+04 

IY 

2 

,3160+05 

HT 

**► 

,uooo. 

XI 

r 

.,0000 

TDT 

2 

,Q0UQ 

LX 

s 

,1600+02 

LY 

2 

, ngoo 

LI 

' 3 

,O0U0 

CL 

= 

.0000 

CD 

2 

,ouoo 

w 

• 

,16/7+05 

IX 

SPAN 


,2175+05 

,0000 

IZ 

2 

. 4500 + 05 

r. 


,3220+0? 


DIMENSIONAL STABILITY DERIVATIVES, PER RADIAN, 
STABILITY axes 


Y\/ 

= 

-.2310-00 

LV 

S - , 4 924-Q X 

NV 

S 

» 6321-Q2 

YP 

s • 

-.1156+01 

UP 

= -.1317+01 

NP 

2 

".6315-01 

YR 

= 

, 1005+00 

■UP 

" ,5645-00 

NR 

2 

-.3012-00 

Y Vi.) 


,0000 

UVD. 

a .00 00 

UVD 

> 

,OOUQ 

YPD 

s 

,uooQ 

LPD 

= ,0000 

NPD 

2 

.0000 

YRD 

m 

,0000 

LRD 

a ,0000 

NRD 

m 

,0000 

YA, 

= 

,0000 

LA 

a ,2218+01 

NA- 

2 

9000-01 

YR 

55 

,0000 

UR 

4 - , 1209 + 00 

NR 

2 

,6469-QO 



D I MENS I ON Al 

, DEI 

R I VAT IVES, PRIMED 



YV 

2 

-,2510-00 

LV 

= -,4937-01. 

NV 

s 

.6969-02 

YP 

m 

- .1156 + 01 

UP 

= -.1516+01 

NP 

s 

- . 5126-01 

YR 

= 

,1005+00 

LR 

a ,5/19-00 

NR 

2 

38b4-0Q 

YVP 

= _ 

,0000 

UVD 

= ,0000 

NVD 

2 

. 0000 

YPD 

2 

.0 000 

LPD 

a ,OUOO - 

NRD 

? 

,090 Q 

YRD 

2 

,0000 

LRD 

S .ougg 

NRD 

2 

,uo 0 0 

YA 

5 

, UOOQ 

LA 

a , 2220 + 01 

NA 

= 

-.1101*00 

YR 

= 

,0000 

UR 

= -.1535-00 

NR 

= 

.6502-00 


IN STABILITY axes, U a ,1016*03, ZIX = ,2149+05 

AND ZIZ = ,4606*05 
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TABLE B-6 NO, 5 

X -22 + SAS W=1677QLB HsQFT U0=101,2FPS G AMMA s - 10 . ODFG -AX = O.OG 
INPUT DATA 

dimensional, stability derivatives 

UNITS ARE 1 PER RADIAN 

(BODY AXES DIFFER BY ,4970+01 DEGREES# POSITIVE 
FOR NOSE UP, FRQM STABILITY AXFS) 


YV 

= 

-.2310-00 

LV = 

- , 4800-U1 

NV = 

• 4600-02 

YP 

= 

-.1160+01 

LP s 

-.3920+01 

NP = 

-,1520-00 

YR 

= 

- . oooo 

LR = 

.3820-00 

NR — 

-.1859+01 

YVQ 


-.0000 

LVD = 

-.0000 

NVD = 

-.0000 

YPD 

= 

-.0000 

LPQ = 

-.0000 

NPD = 

- , oooo 

YRD 

= 

-.0000 

LRD = 

-,nooo 

NRD * 

- , oooo 

YA 

= 

,0000 

LA B 

.2200+01 

NA = 

,0000 

YR 


. 0000 

LR s 

. oooo 

NR s 

,6550-00 

U 

s 

,1012+03 

UZ = 

,8800+01 

GAMA s 

-,1000+02 

MACH 

= 

. 0000 

RHO = 

.0000 

s - 

,0000 

MAC 

= 

.oooo 

IXZ = 

,2530+04 

IY ? 

,3160+05 

HT 

= 

.0000 

XI = 

.0000 

TDT s 

, 0000 

LX 

5 

.1600+02 

LY s 

.oooo 

LZ * 

,0000 

CL 

z 

,0000 

CD = 

,0000 

W s 

,1677+05 

IX 

= 

,2175+05 

IZ = 

.4580+05 

G s 

,3220+02 

SPAN 

= 

.0000 







DIMENSIONAL 

. STABILITY DERIVATIVES, PER 

RADIAN, 



STABILITY AXES 




YV 

s 

-.2310-00 

LV 5 

-.4924-01 

NV s 

,6521-02 

YP 

= 

-.1156+01 

LP = 

-.3972+01 

NP = 

,1706-00 

YR 

= 

. 1005 + 00 

LR = 

.1065+01 

NR s 

-.1851+01 

YVD 

= 

.0000 

LVD = 

.0000 

NVD * 

,0000 

YPD 

= 

.0000 

I.PO = 

,0000 

NPD - 

,0000 

YRp 

s 

,0000 

LRD B 

,0000 

NRD = 

,0000 

YA 

5 

. oooo 

LA = 

.2218+01 

NA * 

-,9000-01 

YR 

= 

.oooo 

LR = 

-.1209+00 

NR = 

,6489-00 



DIMENSIONAL 

DERIVATIVES, PRIMED 


YV 

z 

-.2310-00 

LV = • 

-.4937-01 

NV s 

,6969-02 

YP 

z 

- . 1156 + 01 

LP = 

-.3976+01 

NP * 

,2066-00 

YR 

z 

. 1005 + 00 

LR = 

,1101+01 

NR * 

- , 1861*01 

yvd 

s 

.0000 

LVD s 

.0000 

NVD * 

,0000 

YPD 

s 

.0000 

LPD = 

.0000 

NPD = 

,0000 

YRD 

= 

. 0000 

LRD = 

.0000 

NRD * 

,0000 

YA 


. oooo 

LA = 

.2220+01 

NA s 

-.1101+00 

YR 

z 

.0000 

LR - 

-, 1335-00 

NR s 

,6502-00 


IN STABILITY AXES, U = ,1016 + 03, Z I X = ,2149 + 05 

AND 1 1 Z = .4606 + 05 
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TABLE B-7 


RUN NO. 


7 


BELL X-22 A- Wsi67 70U^- Ha Oh T I, <0 = :i 60 . 9FR5 GAMMA *-13 . 5Pfc0 -AX = O.OG 
INHUT DATfl 

DIMENSIONAL, stability DERIVATIVES 




UNITS ARE 

1 Pfl K EU 

L> I AN 





(RUQY AXES 

DIFFER 

K Y f 4 9 7 4 ’f ( 

1 DEGREES 

, POSITIVE 



FOR N 

QSf£ UP p 

PROD STABILITY AXES) 


YV 

Z 

- , 2360-00 

LV E 

-.4/00-01 

NV = 

,4000-02 

VP 

r. 

-,1140+01 

LP = . 

•* f i # * 0 + (j X 

NP = 

-.7900+01 

YP 

z 

- , □ y a c .i . 

LR - 

. 864U-Q0 

NR = 

-.4230-00 

YVO 

z 

- , JUDO 

LVD = 

- . OUOO 

NVD = 

-.0000 

YPC ; 

s 

- , U U u o 

L P D s 

■" f f j u r.s (j 

NPO *■ 

-,UQUG 

Y'iV 

s 

-.0000 

L <n 5 

- , 0 U 0 0 

mn = 

- .OOOO 

YA 


.ouoo 

1.3 = 

, 2020+01 

NA .* 

,2160-01 

YR 

S 

, oooo 

UP - 

-,1290-00 

NR = 

.3350-00 

Li 

5 

. 1689+03 

UZ - 

, 14 70+02 

G A M A = 

-.1330+02 

MACH 

- 

* u o a n 

RHO - 

, COOO 

5 = 

,uouo 

MAC 

* 

. ouoo 

1X7 = 

. 2530+04 

IY = 

, 3160+05 

HT 

s 

,ouoo ■ 

XT = 

, POOL? 

TOT = 

. uqua 

LX 

s 

. 1600+02 

ly = 

, n o o o 

ll = 

, uouo 

CL 

= 

,UUQO : 

CP = 

, ngoo 

W » 

.16/7+05 

IX 

S 

,2175+QS 

17 s 

. 4580+05 

G s 

.3220+02 

SPA 

5 

• 00 00 







D I MENS IONA 

L $T«t> I L 

I T Y DERI v at IVES, PER 

RADIAN, 



STAB IL I Tv A x F 

S 



YV 

55 

-,2360-00 

LU = ■ 

- , 4612-01 

NV - 

,3887-02 

YP 

S 

-.1136+01 

LP = 

“,191.6+01 

NP = 

.3666-01 

YR 

w 

,9684-qi 

L« = 

, 1 1.06 + 01 

N H 5 

- .4544-00 

YVD 

- 

.ouoo 

LVD « 

.ouon 

NVD 5 

.0000 

YPD 

c 

, ouoo ' 

LPD ■ 

. .ouoo 

Npn = 

,OOUQ 

YRp 

3. ' 

, oooo 

LRD * 

. oooo 

NRD = 

,oouo 

YA 

s 

,UQOO 

LA s 

,2032+01 

NA = 

- .6112+01 

YR 

3 

, oooo 

LR = 

*, 2289-00 

NK = 

, 5333.-00 



DIMENSIONAL DEKI.VA 

TIVES, P K I M 

ed 


YV 

s 

- , 2360-00 

L v e 

- . 4624-01 

NV = 

.6323-02 

YR 

. = 

- , 1.3.36+01 

LP = 

’*■,1917 + 01 

NP s 

,3392-01 

YR* 

s 

,9684-01 

LR 5 

, 1114+01 

NR = 

4646-1)0 

YVD 

- » 

,uuoo 

LVD = 

,ouoo 

NVD 5 

.oouo 

YPD 

m 

• U U Q 0 

LPD - 

, nunc 

NRD = 

.□quo 

YRD 

9m 

,0000 , 

LRD = 

.00 00 - 

NRD = 

.IJOUO 

YA 

s 

,uooo 

LA R 

. ?U,S*4 1 ul 

NA * 

-.7944+01 

YR 


.0000 

LP = 

- , 2393-00 

NR s 

,33/5-00 


IN .STABILITY AXES, u s .1695+03, Z1X = ,2149+05 

AND III a .4606+05 


1?8 



7 


TABLE B- 8 


HUN NO, 


' X-22 + SAS W*16770LB Hs OFT U0 = 163.9FPS GAMMA--13 , 5DEG -AX = 0.0G 


INPUT DATA 

dimensional stability derivatives 

UNITS ARE 1 PER RADIAN 

(BODY AXES DIFFER BY ,4974 + 01 DEGREES * POSITIVE 
FOR NOSE UP# FROM STABILITY AXES) 


YV 

z 

2360-00 

LV 

= 

-.4700-01 

NV = 

,4000-02 

YP 

z 

-.1140+01 

LP 

= 

-.2112+01 

NP = 

-.8190-01 

YR 

.5 

-.0000 

LR 

= 

, 1153+01 

NR = 

-.1635+01 

YVD 

s 

-,0000 

LVD 

= 

-,oooo 

NVD = 

-.0000 

YPD 

s 

-.0000 

LPD 

= 

-,0000 

. NPD = 

-.0000 

YRD 

s 

-.0000 

LRO 

s 

- , cooo 

NRD = 

-.0000 

YA 

z 

.0000 

LA 

z 

,2020+01 

NA = 

,2180-01 

YR 

= 

,0000 

LR 

z 

-,1290-00 

nr - 

,5350-00 

u 

s 

.1609+03 

UZ 

z 

.1470+02 

GAMA = 

-.1350+02 

MACH 

w 

. 0000 

RHO 

- 

. 0000 

S = 

,0.000 

MAC 

s 

.0000 

IXZ 

= 

.2530+04 

IY = 

,3160+05 

HT 

s' 

,0000 

XI 

= 

.0000 

TOT = 

,0000 

LX 

- 

. 1600 + 02 

LY 

S 

, 0000 

LZ = 

,0000 

CL 

s 

.0000 

CD 

= 

, 0000 

w = 

, 1677+05 

IX 

s 

.2175+05 

IZ 

= 

,4580+05 

G = 

,3220+02 

SPAN 

= 

.0000 








DIMENSIONAL 

. STABILITY DERIVATIVES, PER 

RADI AN, 



STABILITY 

AXES 




YV 

z 

-.2360-00 

LV 

Z 

- . 4612-01 

NV = 

,5687-02 

YP 

Z 

-.1136+01 

LP 

s 

- .2233+01 

NP = 

,1499-00 

YR 

z 

.9884-01 

LR 

= 

,1642+01 

NR = 

-,1661+01 

YVD 

z 

.0000 

LVD 

z 

,0000 

NVD = 

, 0000 

YPD 

z 

.0000 

LPD 

= 

.0000 

NPD = 

,0000 

YRD 

z 

.0000 

LRQ 

= 

,0000 

NRD. = 

,0000 

YA 

z 

.0000 

LA 


,2032+01 

NA = 

-,6112-01 

YR 

= 

.0000 

LR 

= 

-.2289-00 

NR = 

,5353-00 



DIMENSIONAL 

. DERIVATIVES, PRIM 

ED 


YV 

- 

-.2360-00 

LV 

z 

-, 4824-01 

NV = 

,6323-02 

YR 

s 

-.1136+01 

LP 

= 

- ,2236 + 01 

NP s 

,1700-00 

YR 

s 

,9884-01 

LR 

= 

.1675+01 

NR = 

-,1677+01 

YVD 

s 

.OOQO 

LVD 

= 

,0000 

NVD = 

,0000 

YPD 

z 

.0000 

LPD 

= 

.0000 

NPD s 

, 0000 

YRD 

5 

.0000 

LRO 

s 

.0000 

NRD = 

, 0000 

YA 

z 

.0000 

LA 

= 

.2034+01 

NA = 

-,7944-01 

YR 

z 

,0000 

LR 

= 

-.2393-00 

NR = 

,5375-00 


IN STABILITY AXES. U s .1695 + 03# Z I X = ,2149 + 05 

AND Z1Z = .4606+05 
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TABLE B-9 


RUfi NO, 


9 


BELL X-22A W=-$6?7/nLFi MsDKT U0 = 21'9 „5FPS GAMMA = O.ODEG *AX* 0,0G 

INPUT DATA 

DIMENSIONAL, STABILITY' DERIVATIVES 
UNITS are 1 PER RaDI.an 

C9QDV AXES DIFFER bV *4973+01 DEGREES, POSITIVE 
FOR NOSE UP, FROM STABILITY AXES) 


YV 

S ' 

-,3670-00 

LV 

S 

r , 4VU0-LU 

•. NV 

S 

,4700-02 

YP 

W 

-.1050+01 

LR 

r 

-.4040+01 

NP 

s 

-.3600-01 

YR 

m 

-.0000 

LR 

m 

,4600-00 

NR 

r 

-.422Q-00 

YVD 

s 

-,U0QD 

LVD 

= 

- , OUUO 

NVD 

3 

- • 00 OQ • 

YPD 

2 

-,0000 

LPD 

c 

-.0000 

. NPD 

3 

-.0000 

YRD 

s 

-,0000 

LRO 

s 

-.ouoo 

NRQ 

= 

-,OOOQ 

YA 

5 

,uooo 

LA 

m 

,2340+01 

NA 

3 

,1660-00 

YR 

= 

,0000 

LR 

5» 

.1/40-00 

NR 

£ 

,4490-00 

U 

S 

,2195+03 

uz 

5 

,1910+02 

GAMA 

3 

.oQoo 

MACH 

5 

,0000 

RHO 

5 

,00.0 0 ■' 

S 

3 

» o o u o 

mac 

s 

,0000 

IXZ 


,2330+04 

IY 

= 

,3160+05 

HT 

= 

,0000 

XI 

• 

,0000 

TUT 

= 

. UQUQ 

LX 

5 

,1600+02 

LY 

3 

,0000 

LZ 

3 

, 0 0 U Q 

CL 

s 

,6ooo 

CD 

*» 

, QUOD 

w 

3 

,16/7+05 

IX 

SPAN 


.2175+05 
• ,0000 

IZ 

e 

, 436Q + 05 


T 

' . 322Q + U2 


DIMENSIONAL STABILITY DERIVATIVES,, PER RADIAN, 
STABILITY AXES 


YV 

m 

-.3670-00 

LV = 

- , 5027-01 

NV 

= 

,6662-0? 

YP 

3 

-,1046+01 

LP * 

- , 4097 + pl 

NP 

3 ■ 

,1631.-00 

YR 

5 

.V1Q2-01 

LR 8 

, 6921-00 

NR 

3 

- ,4463-00 

YVQ 

S 

,oooo 

LVD 8 

,0000 

NVD 

5 

, o 0 o o 

YPD 

S 

.0000 

LPD 8 

■ .OUUO 

NR!) 

3 

.oouu 

YRD 

s 

• ,0000 

Cm 8 

.0000 

NRD 

3 

. 00 uo 

YA 

m 

m* 

. UUQD 

LA 8 

, 2526+U1 

NA 

3 

,68b6-Ql 

YR 

- 

.0000 .. 

LR 8 

,924/-(Jl 

NR 

3 

, 43/ /-Q0 



DIMENSIONAL DENIVA' 

FIVES, PRIME 

:.D 



YV 

3. 

-,3670-00 

LV 8 

-, 5U40-UT 

NV 

= 

, 7118-02 

YP 

m 

-.1046+01 

LP 8 

- , 4 101 + 01 

NP 

3 

.2021-00 

YR 

3 

.9102-01 

. L.R 8 

, 9 U 0.9-00. 

NR 

3 

-.4545-00 

YVD 

3 

.0000 

LVD 8 

.0000 

NVD 

r 

. 0000 

YPD 

s 

.0000 

LPD. 8 

,0000 

NPD 

3 

,oy"0 

YRD 

3 

,0000. 

■ LRP 8 

,0000 

NRD 

3 

,upuu 

YA 

3 

,0000 

LA 8 

.2327+01 

.. NA 

- 

,47/0-01 

YR 

3 

,0000 

LR 8 

.H404-J1 

NR 

s 

. 43/0-00 


IN STABILITY AXES, U a .2203*03, 2 1 X = ,2149+05 

AND III s ,4606+05 

l6o 



TABLE B- 10 9 

X-22 + SAS W=16770L8 H = GFT UQ s 2i9,5FPS GAMMA= O.ODEG -AXs O.OG 




INPUT DATA 







dimensional 

. STABILITY DERIVATIVES 




UNITS ARE 1 

PER RADIAN 





(3QQY AXES 

DIFFER 

BY .4973+01 

DEGREES, 

POSITIVE 



FOR NOSE UP. 

FROM STABILITY AXES) 


YV 

Z 

-,3670-00 

LV = 

-.4900-01 

NV = 

,4700-02 

YP 

z 

-.1050+01 

LP = 

-.4040+01 

NP = 

-.,3800-01 

YR 

3 

-.0000 

LR = 

, B5Q0-U1 

NR = 

-.1397+01 

YVO 

= 

-.0000 

LVD - 

-.0000 

NVO = 

- ,0000 

YPO 

= 

-.0000 

LPD = 

-.0000 

NPD = 

-,0000 

YRD 

s 

-.0000 

LRD = 

- . 0000 

NRD = 

-,0000 

ya 

= 

.0000 

LA = 

.2340+01 

NA = 

,1660-00 

YR 

= 

,0000 

LR - 

,1740-00 

NR = 

,4490-00 

u 

s 

.2195+03 

UZ = 

.1910+02 

GAMA = 

,0000 

MACH 

s 

, oooo 

RHO = 

,0000 

S = 

,0000 

MAC 

z 

.0000 

ixz = 

,2530+04 

IY « 

,3160+05 

HT 

s 

,0000 

XI = 

,0000 

TDT s 

,0000 

EX 

S 

.1600+02 

LY - 

,0000 

LZ = 

,0000 

CL 

r 

.0000 

CD = 

,0000 

W s 

,1677+05 

IX 

= 

.2175+05 

IZ * 

,4580+05 

G 3 

,3220+02 

SPAN 

= 

.oooo 







DIMENSIONAL 

STABI 

LITY DERIVATIVES, PER RADIAN, 



STABILITY AXES 



YV 

.s 

-.3670-00 

LV = 

-.5027-01 

NV = 

, 6662-02 

YP 

s 

w. 1046+01 

LP = 

-.4080 + 01. 

NP = 

,2475-00 

YR 


.9102-01 

LR - 

.6949-00 

NR = 

-,1393+01 

yvd 

= 

.0000 

LVD s 

,0000 

NVD = 

,0000 

YPQ 

z 

,0000 

LPD = 

,0000 

NPD s 

,0000 

YRD. 

s 

.0000 

LRD = 

,0000 

NRD = 

,0000 

ya 

s 

,0000 

LA = 

.2328+01 

NA * 

,6866-01 

YR 

= 

,0000 

LR - 

.9247-01 

NR s 

,4377-00 



DIMENSIONAL 

DERIVATIVES, PRIMED 


YV 

s 

-.3670-00 

LV - 

5040-01 

NV s 

,7118-02 

YP 


-.1046+01 

LP = 

- , 4086+01 

NP = 

,2844-00 

YR 

= 

.9102-01 

LR = 

,7219-00 

NR * 

-.1400+01 

YVD 

s 

.0000 

LVD - 

.0000 

NVD 3 

,0000 

YPD 

s 

.0000 

LPD = 

,0000 

NPD = 

,0000 

YRD 

s 

,0000 

LRD = 

,0000 

NRD = 

,0000 

YA 

s 

.0000 

LA = 

,2327+01 

NA » 

,4770-01 

YR 


.oooo 

LR = 

,8404-01 

NR * 

,4370-00 



IN STABILITY AXES 

, U * ,2203+03, ZIX 

= ,2149+05 



AND ZIZ - 

,4606+05 
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RUN NO, 12 


TABLE B-1 1 

BELL X-22A W = 167/UL.B HsfjFT ,U0 = Q.OFPS GANMA*. 0,0DF-G *AX?,2UG 
INPUT DATA 

Q I MENS IONAL STABILITY DERIVATIVES 
UNITS ARE 1 PEN HAL) I AU" 

(BODY AXES DIFFER BY ,9000+02 DEGREES » POSITIVE 
FOR NOSE UF.FROU STABILITY AXES) 


W 

Z 

-,47.00-00 X 

LV = . 

- , 1 120 + 0 U 

Y NV 5 . 

,195Q-01 ■/ 

YP 

= 

- , 77 OP- 00 ' 

L p = : 

", 2 0 0 - U 0 

^ . NJP s 

,0000 v 

YR 

s 

-.0000 . 

LR ' s .. 

1/70-00 

T NR s 

-,14«0-00 ' 

yvd 

z 

-,UUGQ 

LV” - . 

- . 0 g 0 u 

. NVD = 

OOUp 

YPD 

= 

-,0000 

LPD - 

— ,0000 

N'PD = 

- . o o u o y 

YRD 

m 

- * U Q Q 0 

LRD = 

-.0000 

' NRD s . 

-.0000 

YA 

c 

,ouoo 

LA = . 

,1970+01 

y • NA = 

. U 0 U 0 

YR 

z 

,0 000. 

■ L R = 

.',0000 

. NR. * 

, 7000-00 / 

U 

s 

.0000 

UZ = 

.,0000 

GAMA - 

,0000 

MACH 

z 

,0000 

K'HO = 

• ,00 00 

S = 

, OQUQ 

M A C 

z 

,uooo 

1X7 « ' 

.2530+04 

IY = 

.3160+05 , 

HT 

s 

,0000 

XI 5 

.0000 

. TUT = 

.0000 

IX 

r 

,1600+02 

ly 5 

'.00 00 

LZ s 

' ,0000 

CL 

£ 

,0000 

CO = 

'% ouoo 

R * 

.16/7+05 

IX 


,2175*05 , 

12 = 

, 4580+05 

' G s 

' ,3220+0? 

SPAN 

S 

, 0000 







DIMENSIONAL 

. STABILITY. DERIVATIVES.* PER 

RADI an. 



STABILITY AXES 



YV 

z 

-,4/QO-OO- . 

. L V 5 

- ,1950-01 

... NV * 

.1120 + 00 

YP 

z 

,106.7.-07 , 

/LP s 

-.1^80-00 

NP * 

-.17/0-00 . 

YR 

r 

, / /on-oo, ' 

LP s 

- , 3692-06 

NR s 

-.2800-00 

YVO 

S 

.good . 

LVP = 

,0000 ' 

.. NVD - 

,oooo . 

YPD 

5 

.0000 

LPD = 

,.0000 

. npd = 

.OQIJQ 

YRD 

S 

.0000 

LRD = 

... no ou 

NRD = 

.0000 

YA 

= 

, OUQQ 

. LA s 

-',1296-07 

NA = , 

-,19/0+01 

YR 

* 

,oooo ; . 

. ^ = 

- . 7 U U 0- 0 0 

. NR = 

-.2052-07 



DIMENSIONAL 

DERI VAT 

IVES, PHI 

1E[) . 


YV 

z 

«7O0tOO 

LV s 

-.1540-01 

NV = 

.1112+00 . 

YP 

5 

,1067-07 

.' lp = 

-,1506-00 

NP = 

1967-00 

YR 

S 

, 7 7 Q'O - U 0 

L.R s 

155 7-Q1 

NR = 

-.2836-00 

YVD 

s 

,0000 /. 

LVD = 

, OUOO 

; ' Nv/D s 

. 0 0 L) 0 

YPD 

z 

,0000 

LPn = . 

Ouoo 

NPD = 

.. .,0000 . ' . 

YRD. 

Z 

,0000 

LRD = . 

,0000 

7 NRD * 

. oo up 

YA 

z 

,oooo 

la = 

-Viovb+oo 

; na = 

-.1996+01 

YR 

z 

,0000 

LR = 

+ . 7 o 4 b - DO 

NR = 

-. 82^8-01 


INSTABILITY AXES, U. a ,t)OOQ , ZtX .= ,4580+03 

AND 2IZ' * .2*73+05 


1 62 



TABLE B-12 


kun no, 12 


X- 22 + SAS W = 16770UB H = OFT UQ = O.OFPS GAMMA* O.OQEG -AXs,211G 
INPUT DATA 


DIMENSIONAL STA9ILITV DERIVATIVES 
UNITS ARE 1 PER RADIAN 

(BODY AXES DIFFER BY ,9000 + 02 DEGREES > POSITIVE 
FOR NOSE UP, FROM STABILITY AXES) 


YV 


- .4700-00 

LV 

= 

- . 1120+00 

NV a 

, 1950-01 

YP 


-.7700-00 

LP 

s 

-.3610+01 

NP = 

,0000 

YR 

= 

- . 0000 

LR 

r 

-.1770-00 

NR = 

-,172.8 + 01 

YVQ 


-.0000 

LVO 

= 

-.0000 

NVD = 

-,0000 

YPQ 


-.0000 

L.PD 

s 

- ,0000 

NPD = 

-,0000 

YRQ 


-•. 0000 

LRp 

= 

- . 0000 

NRD * 

-,0000 

YA 

- 

. 0000 

LA 

z 

.1970+01 

NA = 

, 0000 

YR 

5 

.0000 

LR 

= 

.0000 

NR s 

,7000-00 

U 

s 

. 0000 

UZ 

z 

,0000 

GAMA s 

,0000 

MACH 

s 

.0000 

RHO 

r. 

.0000 

S = 

,0000 

MAC 


,0000 

IXZ 

= 

, 2530+04 

IY = 

,3160+05 

HT 

z 

. GOOD 

XI 

s 

.0000 

TDT = 

,0000 

LX 

z 

. 1600 + 02 

LY 

s 

, 0000 

LZ * 

,0000 

CL 

z 

,0000 ' 

CD 

s 

,0000 

: w = 

,1677+05 

IX 


. 2175 + 05 

IZ 

= 

.4580+05 

G = 

,3220+02 

SPAN 

5 

.0000 








. DIMENSIONAL 

. STABILITY DERIVATIVES, PER 

RADIAN, 



STABILITY 

AXE 

s 



YV 

z 

-.4700-00 

LV 

S 

- . 1950-01 

NV = 

,1120+00 

YP 

\ 

Z 

.1067-07 

LP 

= 

- ,1728+01 

’ NP = 

-.1770-00 

YR 

- 

, 7700-00 

LR 

= 

-,4769-07 

NR = 

-.3610+01 

YVQ 


,0000 

LVD 

s 

.0000 

NVD = 

, 0000 

YPQ 


.0000 

LPD 

= 

.0000 

NPD = 

.0000 

YRQ 

- 

, 0000 

LRD 

= 

,0000 

NRD = 

,0000 

YA 


.0000 

LA 

- 

- . 1296-07 

NA = 

. -.1970+01 

YR 

- 

,0000 

LR 


- , 7000-00 

NR = 

■ -,2042-07 



dimensional 

DERIVATIVES, PKU 

1ED ■ • 

■ 

YV 

z 

-.4700-00 

LV 

s' 

-, 1340-01 

NV = 

,1112+00 

YP 


.1067-07 

■ LP 

= ' 

- ,1749+01 

NP = 

-,3829-00 

YR 

- 

.7700-00 

LR 


- .2007-00 

NR = 

-,3657+01 

YVQ 

£ 

. 0000 

LVD 

= 

,0000 

NVD = 

,0000 

YPD 

z 

. 0000 

LPD 

s 

,0000 

NPD = 

,0000 

YRD 


, 0000 

LRD 

= 

, 0000 

NRD = 

,0000 

YA 

= 

.0000 

LA 

s 

- .1095+00 

NA = 

-,1996+01 

YR 

- 

. 0000 

LR 

= 

- ,7045-00 

NR * 

-,8248-01 


IN STABILITY AXES, U = ,0000 , Z I X = ,4580+05 

AND Z 1 2 r .2175+05 


163 
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